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Abstract of thesis entitled: 
Proteomic Analysis of Zebrafish Folliculogenesis 
Submitted by LAU. Shuk Wa 
for the degree of Master of Philosophy 
at the Chinese University of Hong Kong 
Zebrafish {Danio rerio) has become one of the popular models for 
developmental and genetic studies in vertebrates. Despite its small size, zebrafish 
has been proven to be an excellent model for analysis of folliculogenesis as it has a 
large ovary with follicles of different stages available throughout the year. 
Zebrafish ovarian follicle development can be divided into five stages, namely 
primary growth (PG), pre-vitellogenic (PV), early vitellogenic (EV), 
mid-vitellogenic (MV), and full-grown (FG) stages. The transitions from PG to PV, 
and from MV to FG, represent two critical transitional points during folliculogenesis. 
It is believed that these transitions may involve changes at both mRNA and protein 
levels. In this study, a proteomic approach involving two-dimensional 
electrophoresis followed by MADLI-TOF/TOF mass spectrometry was used to 
establish the protein profiles of different follicle stages, with particular emphasis on 
the PG-to-PV transition. Interestingly, numerous differentially expressed proteins 
identified at the PG-to-PV transition turned out to be RNA-binding proteins, and one 
of particularly interest is Y-box binding protein 1 (YB-1). YB-1 was abundantly 
present in the follicles of PG stage, but it completely disappeared once the follicles 
entered the PV stage as demonstrated by both two-dimensional electrophoresis and 
Western blot analysis. Immunocytochemistry further revealed YB-1 expression in 
the PG oocytes. As a general mRNA binding protein, YB-1 has been demonstrated 
to play an important role in stabilizing mRNA transcripts and silencing their 
i i 
translation in various cellular systems. This, together with our finding that 
zebrafish YB-1 is exclusively produced in PG oocytes in large amount but suddenly 
disappears during PG-to-PV transition, has prompted us to hypothesize that YB-1 
may play an important gate-keeping role in controlling follicle recruitment. 
Immuuno-precipitation followed by RT-PCR and mass spectrometry analysis has 
been used to identify mRNA transcripts bound by YB-1 and other protein partners 
associated with it in zebrafish PG follicles. The results from this project would 
provide important clues to the mechanisms by which YB-1 works in controlling 
early folliculogenesis, especially the transition from PG to PV stage. 
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Chapter 1 General Introduction 
1.1 Structure of ovarian follicles 
Ovary is a highly complex and dynamic organ consisting of large number of 
follicles of different stages. In addition to producing eggs, the ovary is also a major 
endocrine organ that produces and releases various hormones [1]. Ovarian follicles 
have similar structures across vertebrates and they are the basic fundamental units 
critical for female reproduction. In mammalian ovaries, the individual follicles 
consist of an innermost oocyte, which is surrounded by two types of somatic cells, 
outer thecal cells and inner granulosa cells [2]. Follicles are supplied with 
connective tissues, blood vessels, nerves and smooth muscles, which provided them 
with nutrients and support for growth and development [1]. As the follicles grow, 
structural and physiological changes occur in oocytes, granulosa cells and thecal 
cells, which are correlated with the influence of various growth factors and pituitary 
gonadotropins [3-6]. Generally speaking, in mammals, the follicles develop 
through primordial, primary, and secondary stages before acquiring an antral cavity 
to fully become the mature Graafian follicle (Fig. 1-1). During the estrous cycle, 
influence of gonadotropins from anterior pituitary is closely related to the growth 
and development of ovarian follicles and their structural changes. They induce 
ovulation or the release of mature oocyte for fertilization, whereas the remaining 
theca and granulosa cells undergo transformation to become the corpus luteum [7]. 
It is well documented that there are various membrane receptors and gap junctions in 
oocytes and somatic cells which play important roles in endocrine and paracrine 
control of ovarian follicle proliferation and differentiation [8]. 
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L2 FoUiculogenesis and its control 
Oocyte development and its regulation have always been a hot issue in the 
research of vertebrate reproduction and developmental biology. Studies in 
mammals have paid much attention to the process of folliculogenesis. 
FoUiculogenesis is a complex and dynamic physiological process which is 
manifested by continuous morphological and functional changes of the follicle. In 
mammals, there is active proliferation and differentiation of somatic cells, which is 
accompanied with the formation of a fluid-filled antrum. Moreover, 
folliculogenesis is different in other non-mammalian vertebrates. Vitellogenesis 
occurs during follicle growth and oocyte enlarges its size due to the accumulation of 
vitellogenin. Many factors are involved in these dramastic changes. It is 
well-known that the gonadotropins secreted and released from the anterior pituitary 
play major roles in controlling the ovary [3-6]. Folliculogenesis in mammals can 
be divided into two phases, the gonadotropin-independent phase (pre-antral) and 
gonadotropin-dependent phase (antral). The period from the beginning of oocyte 
development to the end of the secondary stage is referred to as the 
gonadotropin-independent phase and future growth of oocyte to final maturation is 
referred to as gonadotropin-dependent phase [9]. Besides, various local factors 
released from the somatic compartments of follicles and oocytes form a local 
regulatory network in the ovary. They play important roles in controlling the 
development of oocytes and regulating ovarian steroidogenesis [10]. 
1.2.1 Ovarian follicle growth and development 
During embryonic development, several millions of oogonia established in the 
fetal ovary form a pool of resting oocytes [11], which contribute to the largest class 
of follicles in the ovary throughout life. Oocytes stop growing and are arrested in 
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the prophase of meiosis I until fertilization occurs [12]. In response to stimuli from 
the pituitary, a pool of growing follicles starts to differentiate. Ovarian follicle 
growth and differentiation are known to involve several ovarian cell types and the 
two gonadotropins, follicle-stimulating hormone (FSH) and luteinizing hormone 
(LH). In the anterior pituitary, gonadotropin-releasing hormone (GnRH) 
synthesized and released from the hypothalamus stimulates the release of both FSH 
and LH. Although the mechanisms controlling the selection and growth of ovarian 
follicles are not completely understood, the process of ovarian follicle growth is 
found to be under the control of gonadotropins from anterior pituitary and steroid 
hormone estrogen [13]. 
Development of follicles is a dynamic process, which involves a sequence of 
growth, regression and maturation. The terminology for the stages and structures 
of ovarian follicles varies between vertebrates. Moreover, the fundamental process 
of the follicle development is very similar among different animals. Generally, in 
mammals the immature primordial follicle containing a single oocyte enters growing 
phase together with the changes in surrounding somatic cells. Although there is a 
huge source of resting oocytes ready to grow, a very small number of them (less than 
1.0%) would become fully mature and ovulate [14]. Once a follicle is selected, it 
enlarges and acquires a zona pellucida followed by a gradual formation of 
fluid-filled antrum. 
The growth of primary follicle is indicated by the presence of a single layer of 
cuboidal granulosa cells around the oocyte [15, 16]. The transition to secondary 
follicle is characterized by the appearance of the second layer of granulosa cells [17], 
with cortical granule formation in the oocyte cytoplasm [16]. It is regarded as 
gonadotropin-dependent phase as the follicles respond to the gonadotropins to 
develop. At this time, there is an increase in FSH and estradiol concentration in the 
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plasma [18] and appearance of FSH receptors in granulosa cells. Progression to 
tertiary follicle is characterized by the formation of fluid-filled antral cavity and 
further proliferation of somatic cells [17]. It is well known that LH receptor mRNA 
is expressed in the thecal cells [19], which are the site for androgen synthesis in 
response to LH stimulation. The thecal cell-derived androgen is then converted to 
estradiol in the granulosa cells by aromatase. The appearance of LH receptors 
increases the sensitivity of follicles to the LH released from the anterior pituitary. 
The sudden increase of LH in the blood, named the LH surge, simulates final oocyte 
maturation or resumption of oocyte meiosis followed by ovulation or release of the 
mature oocyte for fertilization. 
Although anterior pituitary plays a crucial role in controlling follicle 
development, the regulation also requires communications between the oocyte and 
surrounding somatic cells and a variety of local factors including bone 
morphogenetic protein (BMP) family members and other growth factors such as 
insulin-like grow factor I (IGF-I) [20-23]. Questions concerning the activation of 
resting follicles and selection of those to ovulate remain a mystery. Studies on 
gonadotropins and the local growth factors may help to address the questions. 
1.2.2 Follicle recruitment and regulation 
During the fetal life of all female vertebrates, the ovary is populated by germ 
cells that remain arrested at prophase of meiosis [12]. These germ cells were 
surrounded by somatic cells, forming the primordial follicles in mammals, or 
primary growth follicles in teleosts. Those that fail to be enclosed by the somatic 
cells will be lost as a result of apoptosis [24-26]. There was finite number of 
primordial follicles available during the reproductive life in mammals. At the 
beginning of every cycle of foUiculogenesis, some of them will enter the growing 
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follicle pool, when the enclosed oocyte increases in size and the surrounding somatic 
cells (called granulosa cells) become cuboidal and proliferative. This process is 
known as initial recruitment and it is the process of initiation of primordial follicle 
growth [27]. This process continues throughout life as long as the primordial 
follicles are not exhausted. Besides, the rate of recruitment is found to be 
dependent on the size of the resting follicles pool [28]. 
Recruitment of follicles from the resting pool is a critical stage for 
folliculogenesis to have a continual supply of oocytes throughout the reproductive 
life-span of all mammals [29]. Initial recruitment is essential for female fertility, 
however, the exact molecular mechanisms regulating this process are still poorly 
understood. Recruitment starts at the moment just after these follicles are 
established in the ovary. Although there is a huge amount of resting follicles 
present in the ovary, not all of them will start to grow at the same time. Most of 
them will remain dormant for months in rodents [30] or even rest for years in 
humans [12]. Factors involved in the initiation of resting follicles have long 
remained unknown. Therefore, many researchers have great interest in the study of 
this initial recruitment process, and numerous investigations have been carried out in 
humans, rodents and other vertebrates. 
1.2.2.1 Recruitment in mammals 
The development and transition of the primordial follicle to the primary follicle 
are critical processes in ovarian biology [31]. In mammals, the study on the initial 
recruitment of primordial follicles is very popular. In addition to understanding 
folliculogenesis, studies on this issue also provide new insights into female fertility 
[32-34]. Follicle recruitment directly affects the number of oocytes available to a 
female throughout her reproductive life. Recent studies on the ovarian follicle 
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growth and initiation in humans and rodents give a better understanding of the 
hormonal and molecular mechanisms of the recruitment process. As the primordial 
follicles start to grow, the granulosa cells begin to divide followed by morphological 
changes to cuboidal shape which is characteristic of the primary follicles. The 
primordial follicles located at the central part of the ovary, near the corticomedullary 
junction, begin to grow earlier [35, 36]. This is a continuous process in that the 
dormant primordial follicles are continuously recruited into a growing follicle pool 
after their formation. Once entering the growing follicle pool, most of them 
progress to the antral stage. Meanwhile, many will be lost by atresia, a process 
when the granulosa cells and oocyte undergo apoptosis. Nevertheless, a small 
number of the antral follicles are rescued by gonadotropin FSH to continue the 
development [27]. 
The role of oocyte and granulosa cells in the initial recruitment of follicles has 
been studied, but the factors involved in the initiation and regulation are not fully 
understood. It has been suggested that follicle recruitment is coordinated by locally 
produced paracrine and autocrine growth factors. Factors involved in 
oocyte-granulosa cell communication in early follicles are thought to play a role in 
initial recruitment. Several growth factors have been identified that are involved in 
initiation or inhibition of growth through a complex network of cell-cell interactions. 
These include the stem cell factor (or kit ligand) [37, 38], growth and differentiation 
factor 9 (GDF-9) [39-42], basic fibroblast growth factor (bFGF) [43], nerve growth 
factor (NGF) [44], leukemia inhibitory factor (LIF) [45] and members of 
transforming growth factor-p (TGF-P) superfamily such as bone morphogenetic 
factor-4 (BMP4) [46] and BMP7 [47，48], which promote initiation of primordial 
follicle growth. Unlike the above growth factors, anti-Mullerian hormone (AMH), 
also a member of TGF-P family, has an inhibitory effect on the recruitment [33， 
6 
49-51]. 
AMH is a peptide growth factor with potent inhibitory effects on primordial 
follicle recruitment [49]. AMH is first expressed in the granulosa cells of the 
recruited follicles or the primary follicles, immeadiately after recruitment. Thus, it 
exerts a paracrine effect on primordial follicles，inhibiting the recruitment to growing 
follicle pool. Furthermore, GDF-9 and kit ligand have also been studied for their 
roles in the recruitment process [52]. They work together and regulate each other. 
These lines of evidence suggest that the activation of primordial follicle growth 
is under the influence of both stimulatory and inhibitory regulation, and all the 
factors are important to the initiation of primordial follicles. Althoguh these studies 
have provided insights into the growth process of early follicles, the exact 
mechanisms are still not identified. Further studies are needed to reveal other 
potential factors that may be involved and their roles in the recruitment process. 
1.2.2.2 Recruitment in fish 
Follicle recruitment in teleosts is similar to that in the mammals. It is also an 
important process for fish reproduction. Compared to mammals, teleost 
reproduction presents many original features. Fish represent the largest and most 
diverse group of vertebrates which have made them to become biological models for 
various scientific disciplines [53]. 
Ovaries of many teleost species show similar general structures. Each ovary 
contains nest of oogonia and oocytes at the early stages that are also arrested in 
meiotic prophase, and different stages of growing follicles. In contrast to mammals, 
the ovarian reserve of the resting follicles and the morphology of follicles are 
different [54]. In fish, the proliferation of oogonia is not stopped after hatching and 
therefore, fish ovary can produce unlimited number of oocytes during their 
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reproductive life span [55, 56]. They keep on producing oogonia in the ovaries, 
which in turn renew the stocks of young oocytes and follicles [57]. Therefore, fish 
have a continual supply of follicles throughout life without exhaustion. This makes 
fish an excellent experimental model for studies of reproduction. Ovarian follicles 
of teleosts, like those of other vertebrates, are composed of two major cell layers, an 
outer thecal cell layer and an inner granulosa cells [58]. The early follicle in fish is 
named the primary growth follicle which consists of a large oocyte and surrounding 
somatic cells, granulosa and thecal cells. Moreover, the volume of the follicles is 
mainly occupied by the oocyte, not the somatic cells. During primary growth, there 
is an accumulation of RNA in the cytoplasm of PG oocyte, increase of cytoplasmic 
and nuclear volume, and formation of microvillar contacts between the oocyte and 
surrounding follicle cells [59]. In fish, the follicles in the ovary have been found to 
originate from epithelium in the ovarian lumen. The germinal epithelium forms the 
cell nests, composed of clusters of oogonia and early oocytes, and prefollicle cells, 
where mitosis of oogonia and initiation of meiosis occur. The prefollicle cells and 
oocytes together initiate folliclulogenesis and contribute to the formation of follicles 
[59，60]. 
The initial recruitment of the primary growth follicle is a critical checkpoint for 
the success of fish reproduction. It remains unclear what endocrine or intraovarian 
factors regulate early oocyte growth. As in other vertebrates, oogenesis is regulated 
by pituitary gonadotropins and ovarian endocrine factors, including estrogens and 
progesterones [61]. Other factors also play critical roles in controlling 
folliculogenesis as well as differentiation of primary growth (PG, stage I) follicle to 
fully grown (FG) follicle. In coho salmon, transcript levels of TGF-P family 
members and FSH receptor fshr are found to be increased during the transition from 
primary to secondary oocyte together with increased FSH signaling [62], suggesting 
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that FSH plays an important role in the endocrine control of early oogenesis. Thus, 
the control of early oogenesis involves many factors and its mechanisms seem rather 
complex. 
1.2.3 Oocyte maturation and ovulation 
As the ovarian follicles continue to grow and develop, they will proceed to the 
next phase of folliculogenesis, oocyte maturation. Oocyte maturation is the process 
of meiosis resumption, which is also an important transitional step in 
folliculogenesis to select the follicles to become mature and ready for ovulation. 
Oocyte held in meiotic arrest by the surrounding follicle cells until LH surge from 
the pituitary, which stimulates the immature oocyte to resume meiosis. LH exerts 
its effect on the surrounding somatic cells, promotes the changes in gene expression 
and induces expression of epidermal growth factor-like proteins in preovulatory 
granulosa cells, which in turn trigger oocyte maturation [63, 64]. Oocyte will 
complete the first meiotic division and become arrested again at the second 
metaphase in most vertebrates [65], and this process is accompanied by maturation 
processes in the nucleus and cytoplasm of the oocyte. 
Oocyte maturation has been studied in many vertebrates and invertebrates; 
however, the endocrine regulation of oocyte maturation is extensively and best 
investigated in fishes. In vertebrates, the growth and maturation of oocytes depend 
on sex steroid secretion. In mammals, a steroidogenic shift occurs in the ovary 
between the follicular phase and the luteal phase, when the steroidogenesis shifts 
from estradiol to progesterone production [66，67]. In fish, oocyte growth is 
accompanied with the accumulation of vitellogenin, a process called vitellogenesis, 
which represents an important maternal effort to provide nutrients for embryonic and 
larval growth. Vitellogenin is a glycolipophosphoprotein that is synthesized in the 
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liver and incorporated in the oocyte in response to estradiol stimulation [68-71]. 
The production of estradiol in the ovary is mainly under the control of gonadotropin 
FSH [72, 73]. During oocyte maturation, three morphological features can be 
observed, including the common process in all vertebrates - germinal vesicle 
breakdown (GVBD), and particular features in fish - yolk clarification and increase 
in oocyte size. The reorganization of lipoproteins in the oocyte is achieved by the 
proteolytic enzymes and the rise in free amino acids and ions causes oocyte to 
increase the volume [74，75]. Mature oocytes will be released from the surrounding 
follicle cells into the ovarian cavity and to be oviposited and fertilized, an event 
called ovulation. It involves the separation of oocyte from granulosa layer and the 
rupture of the follicular layers. 
Many studies have been carried out on the mechanisms that trigger oocyte 
maturation and ovulation. It is well documented that pituitary gonadotropins act on 
the surrounding follicle cells to trigger both oocyte maturation and ovulation through 
their membrane receptors. Other factors also also involved, especially various 
growth factors such as insulin-like growth factors (IGFs), activins, and inhibin [76]. 
In fish, the direct stimulator of oocyte maturation is 
17a,20p-dihydroxy-4-pregnen-3-one (DHP), the so-called maturation-inducing 
hormone (MIH) that works downstream of gonadotropins. By binding to its 
membrane receptor on the oocyte, MIH promotes the formation of 
maturation-promoting factor (MPF), which in turn triggers GVBD, the indicator of 
oocyte maturation [77，78]. 
1.2.4 Intercellular communication between oocytes and somatic cells 
Cell-to-cell interactions include endocrine, autocrine and paracrine signaling, 
and gap junctions. A follicle consists of an oocyte and layers of somatic cells, 
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thecal and granulosa cells, surrounding the oocyte. Growth and development of 
oocytes and companion somatic cells of the ovarian follicles have close relationship 
and their communication is essential for both follicular compartments to develop 
successfully. Studies of this important intercommunication in the ovary can also 
give a greater understanding of the factors that regulate folliculogenesis and 
ovulation rate. In general, oocytes are well-known to be responsible for promoting 
follicle growth and development of granulosa cells as well as early embryogenesis. 
Oocytes secrete a variety of paracrine growth factors which significantly regulate 
key ovarian functions such as cell proliferation and differentiation of granulosa cells. 
In turn, somatic cells support oocyte growth and development. This 
communication between oocytes and the surrounding somatic cells is thus 
bidirectional and highly coordinated, which is essential for development of both 
germ cell and somatic cell compartments [8]. 
Bidirectional communication has been studied in mouse models, which has 
revealed specific factors participating in folliculogenesis and oocyte development 
[79]. They include GDF-9 and BMP-15，members of TGF-p superfamily, secreted 
by the oocytes, kit receptor expressed on the oocyte surface, and kit ligand from the 
granulosa cells. Besides, there are gap junctions between surfaces of oocytes and 
granulosa cells, which facilitate the transport of regulatory materials across them 
[80]. This provides a direct communication between the two cells. 
In mammals, there are two types of granulosa cells, the inner cumulus granulosa 
cells and outer mural granulosa cells lining the follicular wall. Oocyte coordinates 
the development of ovarian follicles by controlling fundamental aspects of granulosa 
cell function. It potently regulates growth, differentiation of these cells as well as 
cumulus cell expansion and ovulation. Oocytes secrete regulatory factors which 
have been found to interact with granulosa cell regulators such as FSH, IGF-I and 
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androgens [81-84]. For example, oocytes affect progesterone and estrogen 
synthesis and suppress luteinizing hormone/choriogonadotropin receptor mRNA 
expression induced by FSH [84-88]. In addition, granulosa cell's 
activin-follistatin-inhibin system is also regulated by oocytes [21, 89，90]. All the 
above studies indicate that oocyte is the key coordinator of an oocyte—granulosa cell 
regulatory system. On the other hand, granulosa cells also exert their effects on 
oocytes. Growing oocytes stimulate gransulosa cells to produce kit ligand which is 
a granulosa cell paracrine factor [91] that can promote oocyte growth [92]. 
However, when the oocyte is fully matured, this oocyte paracrine signal to granulosa 
cells changes to inhibit kit ligand synthesis [91]. Therefore, it may indicate the end 
of the oocyte growth phase. 
L3 Overview of proteomics 
Proteomics has become popular recently as a new powerful tool to detect and 
visualize the protein expression profile of complex biological sources [93]. The 
technology can be traced back to 1975, when O'Farrell firstly developed a technique 
for better separation and resolution of proteins by ampholyte based two-dimensional 
gel electrophoresis [94]. This technique separated proteins by two parameters, the 
difference of isoelectric point and molecular weight of the proteins. However, there 
were still limitations that needed to be overcome, such as the reproducibility, 
resolution, separation of extremely acidic/ basic proteins and sample loading 
capacity. Despite that O'Farrell set a world-wide standard for two-dimensional gel 
electrophoresis, the protocol has been currently modif ied .斯 th the introduction of 
immobilized pH gradients (IPGs) with pH range from 2.5-12 used in the first 
dimension [95], the former limitations have been greatly overcome. In addition, 
narrow overlapping IPGs strip gives higher resolution, and prefractionation method 
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allows detection of low abundance proteins. Combined with the use of mass 
spectrometry (MS) for protein identification, two-dimensional gel electrophoresis 
has become a fundamental method for parallel quantitative expression profiling of 
complex protein mixtures [96]. 
Depending on the gel size and pH gradient used, it can separate protein spots 
across the gel which reflects the protein expression level, isoforais, and 
post-translational modifications. One of the useful benefits of two-dimensional gel 
electrophoresis is to provide information on the forms of post-translational 
modifications, such as phosphorylation, glycoslation and methylation. They are 
readily discovered in the gel as they appear as distinct spot strains horizontally or 
vertically in the gel [96]. The studies of post-translational modifications are hot 
issues nowadays as it is believed that they are closely related to many diseases. 
The workflow of proteomic analysis mainly includes (i) sample preparation and 
separation by two-dimensional gel electrophoresis, and (ii) protein identification and 
characterization by MS. 
1.3.1 Two-dimensional gel electrophoresis 
Two-dimensional gel electrophoresis is a powerful tool in analyzing protein 
extracts obtained from different biological samples, for example cells and tissues. 
It enables separation according to there isoelectric points, molecular mass, solubility 
and relative abundance by first dimension isoelectric focusing (lEF) and second 
dimension SDS polyacrylamide gel electrophoresis (SDS-PAGE). 
lEF separates proteins according to their isoelectric point, which is the specific 
pH at which the net charge of protein is zero. Proteins are amphoteric molecules 
and their net charges depend on the pH surrounding them. pH gradient is under 
influence of electric field, protein will move to the position in the pH gradient where 
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its net charge is zero. This process concentrates the proteins at their isoelectric 
points which is so-called the 'focusing' effect. Generally, there are linear or 
nonlinear pH range, and usually 7-24 cm long IPGs Strips are used [97]. For better 
resolution and minimal streaking/ background smearing, several parameters need to 
be considered. They are amount of protein loading, pH gradients used, separation 
distance and the protein complexity. Besides, focusing time is also important to 
avoid over-focusing and horizontal streaking [96]. 
SDS-PAGE separates proteins according to their molecular weights that is the 
second dimension. The range is normally between 5kDa and 500kDa which can 
vary by the gel percentage. It is performed in polyacrylamide gel which contains 
pores inside. Proteins are first denatured to its linear form by DTT and the charges 
are masked by SDS, so the separation is based on charge to mass ratio. Those with 
a smaller molecular weight will pass through the pores easily and move faster. 
1.3.2 Mass spectrometry 
Once the 2D gel was established, the information stored inside needs to be 
unearthed. With the help of MS, interested proteins can be identified. MS is used 
to measure mass to charge ratio of ions in gaseous phase. Matrix-Assisted Laser 
Desorption Ionization (MALDI) allows transfer of large, polar, thermally labial 
biomolecules into the gaseous phase for mass analysis [98]. The basic components 
of mass spectrometer include: (i) ionization sources, such as MALDI, to generate 
ions from the sample; (ii) mass analyzers, such as time-of-flight (Tof), to separate 
the ions according to their m/z ratios; (iii) ion detectors, to record the signal of ion 
[99]. A laser beam is fired on the matrix-treated spots for ionization. Peptide 
mass can then be determined and the peptide mass fingerprint is used to search the 
databases for identification of the proteins. It gives accurate and automatic protein 
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identification. Proteomes of many organisms are now available on web. 
Enormous efforts have been invested in building up database for whole animals, 
plants, bacteria and yeasts, and even tissues or organelles of different species. 
Nowadays, the databases of many model organisms are completed，for example 
human, mice and zebrafish, which give a convenient and effective platform for 
searching protein identity. These existing on-line resources facilitate data 
comparison, exchange and verification. 
1,4 Objectives of the study 
As discussed above, follicle recruitment is a critical step in folliculogenesis to 
have a continual supply of oocytes throughout the reproductive life-span of all 
mammals. Initial recruitment of resting oocyte as well as the selection of 
pre-mature follicles for ovulation are both essential for female fertility. Most 
studies on follicle recruitment have so far been preformed in mammalian systems, 
especially on human and rodents. Despite these studies, our understanding of this 
important event still remains poor and fragmentary. Few studies have been 
performed in lower vertebrates, like the teleosts. 
Zebrafish, Danio rerio, was selected as the model in the present study because 
its advantageous attributes, such as small body size，fast development in vitro, short 
life cycle, large-scale genetic screening and easy maintenance [100，101]. Its ovary 
exhibits asynchronous follicle development and spawns daily which provides 
scientists a constant daily supply of ovarian follicles. Zebrafish ovarian follicle 
growth can be divided into five stages, namely primary growth (PG), 
pre-vitellogenic (PV), early vitellogenic (EV), mid-vitellogenic (MV) and full-grown 
(FG). 
Currently, gene expression analysis has been mainly performed at the mRNA 
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level in the zebrafish. Recently, large-scale genomic studies have been conducted 
on zebrafish [102, 103]. It is known that not all the genes present in the genome 
can finally be translated to proteins. Besides, the post-transcriptional regulation of 
mRNA and the effect of translational factors would also influence the synthesis of 
protein products. Therefore, there is often no direct correlation between mRNA 
and protein level [104] and the conventional approaches based on mRNA detection 
may not fully represent the real situation inside the cell. As a result, this further 
indicates the importance of the proteomic approach in understanding a model 
organism through multiple and integrated approaches. Up to now, only a few 
researches on zebrafish proteomes have been reported, all on early development of 
zebrafish embryos [105-108]. As a powerful analytical technology, proteomic 
study promises to provide a comprehensive overview of gene activities at the protein 
level. Therefore, it provides another platform for understanding the function of the 
local regulatory network and its roles in follicle growth and maturation. 
My project was undertaken to analyze the critical transitional points during 
folliculogenesis using proteomic approach, i.e., the transitions from PG to PV, and 
from MV to FG, with the aim to identify differentially expressed proteins during 
primary and early secondary oocyte growth, and those involved in preparing the 
follicles for final maturation. The ultimate goal was to establish what regulates the 
processes of initial recruitment and oocyte maturation, and identify the factors that 
activate or block these events. It is believed that these transitions may involve 
changes at both mRNA and protein levels. A previous study on the five follicle 
stages using SDS-PAGE showed significant differences between PG and PV, and 
MV and FG. This suggests that changes at protein level may trigger the 
development of oocytes from PG to PV and from MV to fully mature follicles. In 
this study, a proteomic approach involving two-dimensional electrophoresis 
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followed by MADLI-TOF/TOF mass spectrometry was used to establish the protein 
profiles of different follicle stages, with particular emphasis on the PG-to-PV 
transition. The results from this project would provide important clues to the 
mechanisms controlling early folliculogenesis, especially the transition from PG to 
PV stage. Therefore, together with the information gained from mammalian studies, 
it would provide us an insight into the development and regulation of the follicle 
development. 
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Fig. 1-1 Schematic diagram of follicle development from recruitment of a 
primordial follicle into the growing pool to final mature stage in human. 
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Chapter 2 
Proteomic Analysis of Folliculogenesis in Zebrafish Ovary 
2.1 Introduction 
Folliculogenesis is the process of ovarian follicle development, involving initial 
follicle recruitment and final oocyte maturation, which are two critical processes that 
determine the success of female reproduction. Initial follicle recruitment represents 
the beginning of the folliculogenesis while oocyte maturation represents the final 
preparation for fertilization. In vertebrates, many experiments have been done to 
find out what triggers the start of follicle growth and what brings it to final 
maturation. 
Zebrafish is an excellent model for studying folliculogenesis as its ovaries are 
asynchronous with follicles of different developmental stages throughout the year. 
In the zebrafish ovary, the follicles of primary growth stage (PG) and those that just 
start to enter the fast growing phase (previtellogenic, PV) have great morphological 
changes in their appearance and structures. PG follicles represent the primitive 
follicles that wait to be recruited from the pool to begin growth. At this stage, the 
oocyte enlarges in size as evidenced by increases in the volume of its cytoplasm and 
RNA and protein contents [109]. It is believed that there are great alternation of 
gene and protein expression in order for the follicles to grow and change their 
morphology and structures. Therefore, there should be some factors that would 
initiate developmental cascades and stimulate the developmental program. Besides, 
oocyte maturation is one of the major research areas in teleosts fish, and germinal 
vesicle breakdown (GVBD) is a commonly-used marker for oocyte maturation. In 
addition to gonadotropins and their receptors, numerous growth factors and steroids 19 
have been found to be involved in this process. Although the expression levels of 
these genes at this event have studied, what causes this quick and sudden process 
remains to be elucidated. 
A number of methods are currently used for gene expression profiling to 
determine the functions of genes, such as semi-quantitative PGR, real-time PGR, and 
gene knock-out or knock-down experiments. Recently, large-scale genomic studies 
have been conducted on zebrafish [102, 103]. However, there is often no direct 
correlation between mRNA and protein level [104]. Proteins are the functional 
molecules and they more likely reflect what is going on inside the cells than mRNA 
transcripts. Studies of protein expression would therefore provide a better 
understanding of cellular functions and their regulation. As a powerful analytical 
technology, proteomic study can address problems that cannot be solved by DNA 
analysis and promises to provide a comprehensive overview of gene activities at the 
protein level. If applied to folliculogenesis, it would provide another platform for 
understanding the function of the local regulatory network and its roles in follicle 
growth and maturation. 
In this chapter, we analyzed the proteome of zebrafish ovarian follicles at two 
critical transition points, i.e., the PG to PV and MV to FG transitions, using 
two-dimensional electrophoresis followed by mass spectrometry, aiming to identify 
the factors that contribute to the initiation of early follicle growth or recruitment and 
stimulation of final maturation. 
Proteomics technology is complex and many different methods can be used to 
identify and characterize proteins. High throughput of two-dimensional 
electrophoresis technique has been used for long time for analyzing protein 
composition of cells, tissues and fluids, as well as changes in gene expression 
patterns. In this study, two-dimensional electrophoresis was chosen to resolve and 
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study total proteins of the follicles at different stages. This was followed by the fast 
and accurate protein identification using matrix-assisted laser desorption/ionization 
(MALDI) mass spectrometry. Combining the two techniques, large scale of 
proteomic experiment can be done to generate large amount of data, which can 
maximize the speed of screening of target proteins. The differential proteins 
identified may be the candidates of pathways that regulate the growth and 
development of ovarian follicles during foUiculogenesis. 
2.2 Materials and Methods 
2.2.1 Animals 
Zebrafish {Danio rerio) were purchased from a local tropical fish market. A 
pool of both male and female fish was acclimated without separation in flow-through 
aquaria (36L) at 2 8 � � o n a 14L: lOD photoperiod with the light on at 0800 and off at 
2200. The fish were fed twice a day with commercial tropical fish food. All 
experiments were performed under license from the Government of the Hong Kong 
Special Administrative Region and endorsed by the Animal Experimentation Ethics 
Committee of The Chinese University of Hong Kong. The animals were 
maintained at least 4 weeks under these conditions and anesthetized with ice shock 
[110] before handling. 
2.2.2 Isolation of ovarian follicles 
Female zebrafish were killed by ice anesthetization and decapitation. About 
fifteen female fish were dissected and two ovaries from each individual were 
carefully removed and placed in a 100 mm culture dish containing 60% Leibovitz 
L-15 medium. Whole follicles of different stages were manually isolated under a 
dissecting microscope. Different follicles were grouped as five developmental 
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stages according to their sizes: full-grown but immature (FG)(�0.65 mm, Stage III), 
mid-vitellogenic (MV)(�0 .50 mm, Stage EI), early vitellogenic (EV)(�0 .40 mm, 
Stage III), pre-vitellogenic (PV, Stage II or cortical alveolus stage)(�0.30 mm), and 
primary growth follicles (PG, Stage I ) ( � 0 . 1 mm) [111]. The process of dissection 
and isolation normally took about 4-6 h at room temperature. 
To obtain FG follicles that had undergone spontaneous maturation, the 
immature FG follicles were isolated according to our previous report [112] and 
incubated at room temperature for 6-8 h. The mature follicles, which had 
undergone spontaneous germinal vesicle breakdown (GVBD) and appeared 
translucent, were isolated. 
2.2.3 Protein extraction and quantification 
Isolated follicles were mixed with Cell Lysis Buffer (Cell Signaling 
Technology) with 1 mM PMSF, a protease inhibitor. About 35 FG follicles, 70 
MV follicles, 120 EV follicles, 220 PV follicles and approximate amount of PG 
follicles were lysed in 100 of lysis buffer. After homogenization, they were 
centrifuged at 13,600 rpm for 20 minutes at 4°C. The supematants were collected 
and the 2D Clean-up kit (Amersham Biosciences) was used to remove impurities 
according to the manufacturer's instruction. Then, the samples were resuspended 
in rehydration solution containing 8 M urea, 2% (w/v) CHAPS, 0.002% (w/v) 
bromophenol blue. The protein extracts were centrifiiged at 13,600 rpm for 20 
minutes at 4°C to remove any insoluble proteins, and the supematants were collected 
and stored at -80°C. 
PlusOne ™ 2 D Quant kit (Amersham Biosciences) was used to determine the 
protein concentration of the extract according to the manufacturer's protocol. 
Absorbance of different concentrations of bovine serum albumin (BSA) was 
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measured and used to plot a standard curve. The standard curve was plotted using 
protein concentration against absorbance and the concentration of unknown proteins 
can be found out from the curve. 
2.2.4 Two-dimensional electrophoresis 
Two-dimensional electrophoresis was performed according to the protocol of 
Amersham Bioscience 2D handbook. It can be divided into two parts, isoelectric 
focusing and SDS polyacrylaminde gel electrophoresis, as described below. 
2.2.4.1 Isoelectric focusing (lEF) 
lEF separates proteins according to their pis. Samples (50 |xg of protein) were 
loaded in the IPG strips (Immobiline™ Dry Strip gels) (7 cm, pH 3-10 linear) 
together with DTT (7 mg/2.5 ml) and 0.5% (v/v) IPG buffer (pH 3-10) in 
rehydration solution to a final volume of 125 |xl. IPG strips were rehydrated prior 
to lEF in the rehydration solution and transferred to the strip holder. The strips 
were covered with Cover Fluid. EEF was performed using Ettan™ IPGphor™ 
(Amersham Biosciences) at 20 ®C. lEF was carried out following the procedure: 
rehydration step at 0 V for 9 h, separation step at 30 V for 6 h, 500 V for 30 min, 
1000 V for 30 min, 3000 V for 3000 Vh and 4500 V for 5000 Vh, total of about 
8930 Vhs. 
2.2.4.2 SDS polyacrylaminde gel electrophoresis (SDS-PAGE) 
Before carrying out second dimension separation, the IPG strips can be stored at 
-80°C for one week or directly equilibrated in equilibration buffer containing 50 mM 
Tris-HCl pH 8.8，6 M urea, 30% (v/v) glycerol, 2% (v/v) SDS，0.002% (w/v) 
bromophenol blue with DDT (0.1 g/10 ml) or lAA (0.25 g/10 ml) for 15 minutes 
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respectively. 
SDS-PAGE separates proteins according to their MW. Two different 
percentage of gel were set up, 4% stacking gel and 12% resolving gel. Gel solution 
containing 30% acrylamide, 0.8% bisacrylamide, 4x resolving gel buffer and 10% 
SDS was prepared where TEMED and 10% APS were added before use. IPG strips 
were put on top of the 4% stacking gel and sealed by sealing solution (0.5% agarose). 
The gels were resolved in SDS electrophoresis buffer containing 25 mM Tris-base， 
192 mM glycine, 0.1% (w/v) SDS and run at 80 V for 30 minutes, 150 V for about 
an hour. 
2.2.5 Staining 
To visualize the protein spots on the gel, Coomassie blue staining solution (45% 
methanol, 10% acetic acid, 0.25% Coomassie Brilliant Blue R-250) was used to stain 
the gel with gentle shaking. Destaining solution (45% methanol, 10% acetic acid) 
was used to destain the gel until the background becomes transparent. Then the gel 
was rinsed several times with Milli-Q water. Each protein appeared as a blue spot 
on the gel. 
To visualize protein spots with low abundance, silver staining method was used. 
According the protocol for PlusOne Silver Stain (Amersham, Buckinghamshive, 
UK), fixation, sensitizing, silver reaction, developing and stopping reagents were 
used in order to stain the proteins with brown color. 
2.2.6 In-gel digestion 
The spots of interest were excised from the 2D gel and followed by in-gel 
digestion. The spots were excised out using a needle and were cut into small pieces. 
If the gels were stained with Coomassie blue, the excised protein spots were 
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destained with 50% (v/v) methanol in 50mM ammonia bicarbonate. For those 
spots that were silver-stained, destaining solution consists of 1:1 solution of 30 mM 
potassium ferricyanide and 100 mM sodium thiosulphate was used. Then the 
spots were dehydrated with ACN and dried completely under a SpeedVac 
(LABCONCO). The samples were digested with typsin by incubating at 30°C 
overnight. The tryptic digested peptides were extracted from the gel by adding 
80% ACN: 2.5% TFA and sonicated (Ultrasonic Cleaner Branson 5510) for 10 min. 
2.2.7 Mass spectrometry 
Mass spectrometry was performed to identify the corresponding protein spots 
by peptide mass fingerprinting using 4700 Proteomics Analyzer (TOF/TOF^^) Mass 
Spectrometer (Applied Biosystems, USA). The peptide samples were spotted on a 
AB192-well MALDI plate (Applied Biosy stems, USA). Matrix 
(x-cyano-4-hydroxycinnamic acid) was added and crystallized on each spot. 
Peptide mass fingerprints were obtained and used to search for protein identification 
using GPS Explorer TM software (Applied Biosy stems, USA)-MASCOT (Matrix 
Science, London, UK) against the NCBI NonRedimdant Protein Database 
(http://www.ncbi,nlm.Dih.gov/0 
2.3 Results 
2.3.1 Establishment of the protein profiles of different follicle stages 
A previous ID SDS-PAGE study in our laboratory on the five stages of follicles 
demonstrated that there were observable differences between PG and PV stages. A 
complete protein expression profile would be useful to find out and identify major 
different proteins of these two stages, which would provide critical clues to the 
mechanisms underlying the early growth and development of the follicles. 
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Proteomic approach involving two-dimensional electrophoresis was used to establish 
the protein profiles of different follicle stages isolated according to their morphology 
(Fig. 2-1). Follicles including PG, PV, MV, FG and GVBD, were compared. 2D 
gel pattern of PG and PV in Fig. 2-2，MV and FG in Fig. 2-3，and FG and GVBD in 
Fig. 2-4 were compared to find out the differences in their protein profiles. 
Numerous protein spots appeared differentially between the stages. The 
differentially expressed proteins were indicated in the 2D gel. Interestingly，there 
were many all-or-none differences between the protein profiles of PG and PV. 
2.3.2 Mass spectrometry analysis on the differentially expressed proteins 
After comparison of the 2D patterns, the differentially expressed proteins were 
identified by MADLI-TOF/TOF Mass Spectrometry (MS). In an MS database 
search, a protein score is determined for each protein matched from the MS peak 
lists. In an MS/MS database search, an ion score is determined for each peptide 
matched from the MS/MS peak lists. Peptide count is the number of identified 
peptides that could be matched to the suggested database protein. Protein Score is 
the probability that the peptide counts are derived from the suggested database 
protein. The C.I. % calculation rates the confidence level of the score. The closer 
the C.I. % value is to 100%, the more likely the protein is correctly identified. The 
identified sequences were accepted to report when their protein score C.I. % were 
greater than 95% and best ion score greater than 35. 
Eighty six all-or-none protein spots were selected to perform MS analysis and 
41 protein spots were identified between PG and PV and they were summarized in 
Table 2-1 and Table 2-2. Interestingly, many were found to be RNA-binding 
proteins, which may play important roles in the folliculogenesis. One important 
protein found was nuclease sensitive element binding protein 1，also called Y box 
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binding protein 1 (YB-1), which was abundantly present in PG only (circled in Fig. 
2-2). 
In contrast, there were only a few spots found on the 2D gel of MV and FG. 
Twenty two protein spots were submitted to perform the MS and 14 of them were 
reported in Table 2-3 and Table 2-4. Vitellogenin was the major protein identified 
in these two stages. It is the dominant protein present during vitellogenesis which 
appears since EV stage and more and more vitellogenin is accumulated inside the 
oocyte during growth. Other proteins were either structural proteins or those with 
unknown function. 
The protein profiles of FG and GVBD (immature vs. mature) were also 
compared. Fifty five out of 65 selected differentially expressed spots were 
identified. The MS result showed similar result as those of MV and FG. All of 
the proteins identified were family of vitellogenin with their fragments scattered 
around the 2D gel. Vitellogenin, the yolk precursor protein, can be cleaved into 
three components, lipovitellin, phovitin, and P'-component in the oocyte, and those 
identified in the gel were probably the lipovitellin. The high yolk protein content, 
in these stages greatly hindered the identification of other proteins in these follicles. 
2.4 Discussion 
Proteomic analysis can clearly show which proteins are differentially expressed 
in different stages. It helps to reveal what changes have occurred during growth 
and development of follicles. As shown in Fig. 2-2, the protein profiles of PG and 
PV follicles were greatly different and most of the proteins had all-or-none 
differences in either one of the stages. More than 40 protein spots that were found 
to be differentially expressed in PG and PV stages were excised out and identified by 
mass spectrometry. According to Table 2-1, more than half of the proteins found in 
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PG follicles were related to nucleic acid binding activity. Surprisingly, almost all 
of them were RNA binding proteins or proteins with RNA binding motif. They 
may have important roles during folliculogenesis in controlling mRNA activity such 
as translation and stability. 
In contrast, the differentially expressed proteins identified in PV follicles have 
neither DNA nor RNA binding proteins. In Table 2-2，these proteins were 
categorized into the following functional groups: protein turnover, structural, 
metabolism, energy production and conservation, and those with unknown function. 
In the PV follicles, we did not see any proteins involved in growth and development 
function. Interestingly, some proteins identified in PV follicles were proteasome 
components, which were proteasome (prosome, macropain) 26S subunit and ATPase 
3 containing 2 domains, the AAA domain and the RPTl domain. AAA is a 
superfamily of ATPases that possess a ATP binding site and are involved in a wide 
variety of cellular activities, including membrane fusion, proteolysis, and DNA 
replication. RPTl is ATP-dependent 26S proteasome regulatory subunit involved 
in posttranslational modification, protein turnover and chaperones. AAA ATPases 
are essential for many cellular processes, including cell cycle, signal transduction 
and regulation of gene expression. Proteasomes make use of AAA ATPases，an 
ATP-dependent proteolytic activity, for the break down of proteins [113]. 
For the other three stages, there was less information that could be drawn from 
their protein profiles. As shown by the protein profiles of MV and FG follicles in 
Fig. 2-3, the numbers of protein spots detected in the 2D gel decreased significantly. 
The largest proteins visualized in the center of the gel were found to be subunits of 
vitellogenin, circled in Fig. 2-3 (MS data not shown). Vitellogenin, the precursor 
of yolk proteins, is exogenously produced by the liver, acquired by the oocyte 
through endocytosis, and stored in the oocyte [114], where it will become a supply 
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of nutrients essential for the developing embryo. The formation of yolk granules 
starts at EV stage and continue to accumulate inside the oocyte up to final maturation. 
This huge amount of vitellogenin masked other proteins present in the follicles, 
resulting in very few protein spots detected in the gel. Table 2-3 and Table 2-4 
summarized the proteins identified after comparison of MV and FG stages. The 
same situation also occurred for the FG and GVBD stages. Vitellogenin continued 
to be the dominant protein present in these two stages. It scattered around the gel 
and all the protein spots identified were subimits of vitellogenin. Even though we 
increased the amount of proteins to 80 jig and elevated the sensitivity of 
visualization by silver staining, the number of proteins identified could not be 
improved in these two stages of follicles. 
Based on the results of mass spectrometry, it seems that PG follicles possess 
many interesting proteins, especially the RNA binding proteins, that may have 
potential roles in controlling foUiculogenesis. These RNA binding proteins may 
help us to unravel the puzzle of how recruitment of ovarian follicles is initiated and 
activated. Therefore, knowing their functions and the biological processes they are 
involved may be useful to find out tfie regulatory mechanisms underlying early 
foUiculogenesis. 
RNA binding proteins identified in PG follicles 
There were many RNA binding proteins identified in the PG follicles, some of 
them are discussed in more detail below. The most abundant protein found in PG 
follicles was circled in Fig. 2-2. They were spot no 3, 4 and 5 which identified to 
be the nuclease sensitive element binding protein 1，also named as Y box binding 
protein 1 (YB-1). It was highly abundant in PG stage but totally disappeared in PV 
stage. They were identified as the same protein but shifted horizontally to the 
lower pH position. It may be due to post-translational modifications, such as 
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phosphorylation or acetylation, which changed their original pis. The calculated 
mass of YB-1 obtained by mass spectrometry was 35kDa. However, it appeared as 
50kDa in the gel image. This discrepancy in size between that shown in gel and the 
predicted one has been reported before. It may be due to the abnormal mobility 
during SDS gel electrophoresis, other members of Y-box binding proteins also have 
similar discrepancies between predicted and actual MW, which is frequently 
observed in proteins possessing high percentage of charged amino acid residues [115, 
116]. Similar size discrepancy has also been found in Xenopus FRGY2 whose 
predicted size is 37kDa, while what is seen on the gel is 56kDa [117-119]. Size 
discrepancy can also be seen in other animals like goldfish Y-box protein, GFPY2 
[120] and mouse Y-box protein, MSYl [121]. 
YB-1 is a RNA binding protein with 310 amino acids. It is a Cold-Shock 
Protein (CSP) that contains a cold-shock domain (CSD), part of which is highly 
similar [122] to the RNP-1 RNA-binding motif. CSD is a conserved domain of 
about 70 amino acids that has been found in prokaryotic and eukaryotic 
DNA-binding proteins [123-125]. They were so-called 'cold shock' proteins 
because experiments done in E. coll showed that their expression was up-regulated 
under cold condition, and they are therefore thought to help the cell to survive when 
there was an abrupt drop in growth temperature [126]. CSPs preferentially bind 
single-stranded RNA and DNA, and they contain specific DNA-binding regions [127] 
which regulate transcription of genes containing Y-box sequence in their promoters. 
This specific ssDNA-binding property of CSD is required for the binding of Y-box 
protein to the CCAAT-containing promoter's Y-box sequence, thereby regulating 
transcription and translation of genes [128]. Besides, Y-box proteins bind 
messenger RNA (mRNA) and regulate ribosomal translation, rate of mRNA 
degradation and termination of transcription [129]. A full-length cDNA of a 
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cold-shock domain protein in the zebrafish embryo has been successfully cloned 
[130]. 
It is interesting to further study the function of YB-1 in the follicle development 
since it is a universal RNA binding protein and many researches have been carried 
out in other species about its effect on translational repression. There were 
homology of Y-box proteins in many other species, such as FRGYl and FRGY2 in 
Xenopus, MSYl and MSY2 in mouse and GFYPl and GFYP2 in goldfish，all of 
them contained the conserved CSD domain. According to the study in Xenopus, 
germ cell-specific FRGY2 had the ability to bind maternal mRNAs and repress their 
translation and stabilize the mRNA in the oocyte [131]. In addition to Xenopus, 
Y-box protein has been reported as germ-cell specific protein in other animals like 
mouse [132]. MSY2 in mouse appeared to be a germ cell-specific protein in the 
testis and stored most of the paternal mRNAs for translation in later stages. 
Another protein that was exclusively detected in PG follicles was 
Decapentaplegic and Vg-related 1 RNA-binding protein, also known as Insulin-like 
growth factor 2 mRNA-binding protein 3. It is also a RNA-binding protein; 
however, unlike YB-1, it may regulate specific mRNA translation and stability. It 
was expressed in oocytes from stages I to HI, 8-cell embryo, brain, eye, branchial 
arches and neural tube at 24 hours post-fertilization (hpf) [133, 134]. This protein 
contains 4 K homology (KH) domains and 2 RNA recognition motif (RRM) 
domains. The KH domain was first identified in the human heterogeneous nuclear 
ribonucleoprotein (hnRNP) K. KH domain consists of an evolutionarily conserved 
sequence of around 70 amino acids and is present in a wide variety of nucleic 
acid-binding proteins. KH binds to single-stranded RNA or DNA, is present in a 
wide variety of proteins including ribosomal proteins, transcription factors and 
post-transcriptional modifiers of mRNA, and also has function in RNA recognition 
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[135-138]. Eukaryotic RRM family was the largest group of single strand 
RNA-binding proteins [139]. RRMs are found in a variety of RNA binding 
proteins, including hnRNPs, proteins implicated in regulation of alternative splicing, 
protein components of small nuclear ribonucleoproteins (snRNPs), and proteins that 
regulate RNA stability and translation (PABP, La, Hu) [140-142]. 
There were also a group of other RNA binding proteins present in PG follicles. 
They were called Sjogren syndrome antigen B (autoantigen La). They contained 3 
conserved domains, the La domain, and 2 RRM domains which are members of 
RRMl and RRM2 superfamily respectively. The RRM domain occurs in both the 
nucleus and the cytoplasm, where it takes different roles. This domain is present in 
protein La which functions as an RNA chaperone during RNA polymerase III 
transcription in the nucleus, and also acts as a translation factor in the cytoplasm to 
facilitate the translation of specific mRNAs [143]. As a RNA binding protein, it 
recognizes specific classes of mRNAs that contained a 5-terminal oligopyrimidine 
motif known to control protein synthesis [144]. It contains a five stranded beta 
sheet which forms an atypical RNA recognition motif [145, 146]. Function of 
RRM has been reviewed in a number of publications [147-149]. 
Among the RNA binding protein identified, some of them have been 
functionally studied in a variety of cellular systems, however, quite a number of 
them are hypothetical proteins with little information on their functions. We can 
only predict their functions by the domains they possess, for example the Lsm 
(sm-like) domain, RRM domain and KH domain. Table 2-5 summarized the 
common domains possessed by the RNA binding proteins differentially expressed in 
PG follicles. One of these proteins was Zgc:55673, the hypothetical protein 
LOC393140, containing 3 conserved domains named LSml4 domain, DFDF motif 
and FFD and TFG box motifs. LSml4 (also known as RAP55) belongs to a family 
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of Sm-like proteins that associate with RNA to form the core domain of the 
ribonucleoprotein particles (RNPs) involved in a variety of RNA processing events 
including pre-mRNA splicing, telomere replication, and mRNA degradation [150, 
151]. In Xenopus laevis, LSml4 was found to be an oocyte-specific constituent of 
ribonucleoprotein particles. Xenopus RAP55 (xRAP55), a member of the Lsml4 
family, is a component of RNPs that associate with FRGY2, the principal component 
of maternal mRNPs. According to that study, xRAP55 is involved in translational 
repression of mRNA as a component of storage mRNPs [152]. The other 2 
doamins were also found in the C-terminal region of Sm-like proteins. With this 
LSml4 domain, Zgc:55673 may have the possibility to bind RNA and may possess 
similar function as xRAP55. 
In conclusion, there were so many RNA binding proteins found in PG follicles 
while none could be seen in PV stage or other later stages. It implies that the initial 
growth of follicles may be regulated at the translation level, but not the 
transcriptional level. In contrast, some proteasome components were found in PV 
but not PG follicles, which work in proteolysis and help the protein turnover. Our 
future studies should be focused on the PG-to-PV transition in order to find out the 
regulation mechanism of follicle recruitment. Among the RNA binding proteins 
identified, YB-1 was the one with the highest abundance in PG stage but totally 
absent in PV stage. This dominant protein was completely removed after follicles 
entered PV stage, implying that it may play critical roles in the PG-to-PV transition. 
YB-1 is a universal RNA binding protein and it would be a potential regulatory 
protein involved in the recruitment of PG follicles in folliculogenesis due to its 
special functions in mRNA stabilization and translational repression in protein 
production. Further investigation of YB-1 in zebrafish would be needed to see how 
it works to affect the initial growth of follicles during folliculogenesis. 
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A 
PG PV EV MV FG GVBD 
MM 
PG PV 
Fig. 2-1 Schematic diagram of zebrafish ovarian follicle. (A) Different stages 
of follicles collected from zebrafish. PG, primary growth; PV, pre-vitellogenic; EV, 
early vitellogenic; MV, mid-vitellogenic; FQ full-grown; GVBD, germinal vesicle 














































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Characterization of Y-box Binding Protein 1 (YB-1) in Zebrafish 
3,1 Introduction 
Regulation of gene expression is related to the rate of protein synthesis. 
Translation acts as a major control mechanism that always involves the association 
of proteins with mRNAs or ribosomes that promote or repress protein synthesis. 
All mRNAs in eukaryotic cells are found to be bound with proteins to form 
messenger ribonucleoprotein particles (mRNPs), which are translationally inactive 
[155, 156]. mRNPs are found in the cytoplasm and are part of the translational 
apparatus in cells. To date, two universal proteins of 70kDa and SOkDa are known 
to be the common major components of cytoplasmic mRNPs in many organisms 
[157]. The 70kDa protein was originally named as p70, which is now well-known 
as poly(A)-binding protein (PABP) [158]. It exhibits affinity for poly(A) sequence 
at the 3'-terminal of all the eukaryotic mRNAs [158，159]. It has been widely 
studied for its ability to regulate and initiate the translation, and stablize mRNAs by 
binding to poly(A) tails of the mRNAs [160-164]. On the other hand, the 50kDa 
protein was initially called p50 and now commonly named as Y-box binding protein 
1 (YB-1), which is the major core protein of cytoplasmic mRNPs in mammalian 
somatic cells [115]. YB-1 is located mostly in the cytoplasm and tightly binds to 
the mRNA body with a number of 5-10 molecules of YB-1/molecule of mRNA [165， 
166]. It is the most abundant mRNA-binding protein which has been shown to 
participate in various aspects of gene regulation, including transcriptional regulation 
[156, 167], mRNA processing [168]，localization [169] and stability, and 
translational activation or repression [156, 170-172]. 46 
Y-box proteins were first identified as transcription factors by their ability to 
bind to Y-box promoter element of various genes to regulate their expression [173， 
174]. This protein belongs to the cold-shock-containing protein family whose 
amino acid sequence is evolutionarily conserved from bacteria to man [115, 174]. 
Eukaryotic Y-box proteins consist of a cold shock domain (CSD) which is highly 
conserved and nearly identical in vertebrates [171] (Fig. 3-1). This protein shares 
43% identity to the prokaryotic Y-box binding protein, also known as major cold 
shock protein in E. coli [175]. This high CSD homology may suggest that CSD is 
responsible for major common biological activities of Y-box proteins. In addition 
to CSD, all vertebrate Y-box proteins also contain an N-terminal alanine/proline 
(AP)-rich domain and a C-terminal tail domain with alternative clusters of basic and 
acidic amino acids (Fig. 3-1). These domains are thought to have DNA, RNA and 
protein binding activities [176, 177]. 
YB-1 protein is a universal protein of cytoplasmic mRNPs, which participates 
in the attachment of mRNA. It binds to mRNAs in a cap-dependent maimer [170], 
It regulates translation by affecting mRNA accessibility to specific regulatory 
proteins and the components of translational machinery. This protein has been 
identified in many species, such as Xenopus, human, mouse and goldfish [115, 120, 
132, 178]. It is found abundantly in the cytoplasm of Xenopus oocyte, named 
FRGY2, a germ cell-specific protein which is responsible for masking and storing 
the maternal mRNAs and represses their translations [179]. In Xenopus oocytes, 
large amount of FRGY2 accumulates. All masked maternal mRNAs were found to 
be associated with FRGY2 and the FRGY2-nLRNA complex is translationally 
repressed [131, 180]. It has been widely studied in humans for its masking and 
translational repression ability [115]. Moreover, in the mouse the MSY2 is germ 
cell-specific which is expressed in both male and female germ cells [132]. In male 
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mice, Msy2 mRNA is detected abundantly in testes but not in somatic tissues, 
suggesting that the expression of Msy2 mRNA is testis-specific. While in female 
mouse ovaries, MSY2 is exclusively expressed in the oocytes. This further 
establishes its role as an mRNA-binding storage protein [181，182], and it stores 
mRNAs and regulates their translation. In the goldfsish，the Y-box binding protein 
p54 is found to be potentially involved in regulating translation of the genes for 
oocyte maturation [120]. Indeed, it has been shown that YB-1 is able to influence 
gene expression and protein synthesis both by affecting transcription of 
Y-box-containing genes and inhibiting translation of a wide variety of mRNAs [183, 
184]. 
The studies of YB-1 in somatic cells have shown that it has a role in promoting 
cell proliferation by regulating expression of genes involved in growth and 
development [185, 186]. Therefore, the expression of YB-1 in the zebrafish ovary 
may suggest important physiological roles for this protein in controlling growth and 
development of the germ cells in the zebrafish. With the support of the above 
evidence, YB-1 can be considered as a potential regulator in ovarian follicle growth 
and development. Studies of YB-1 in the zebrafish may provide a clearer picture 
about how the recruitment of ovarian follicles is regulated in vertebrate ovary. 
According to the previous experiment described in Chapter 2, YB-1 was present 
only in the follicles of PG stage and it completely disappeared at the PV stage. As 
evidenced in other cellular systems, YB-1 is involved in increasing mRNA stability 
while suppressing translation, it is therefore conceivable that YB-1 may play an 
important role in controlling folliculogenesis by regulating gene expression at the 
translational level. It may stabilize the mRNA molecules in PG stage and prevent 
them from being translated at the early developmental stage. Proteins of important 
functions in follicle recruitment could be translated after YB-1 is removed. 
48 
Therefore, further study of YB-1 would provide us an insight into the development 
and regulation of the follicles. 
3.2 Materials and Methods 
3.2.1 Animals 
The maintenance and handling of zebrafish (Danio rerio) have been described 
in Chapter 2. 
3.2.2 Isolation of ovarian follicles 
The method of ovarian follicles isolation has been described in Chapter 2. 
3.2.3 Protein extraction and quantification 
Isolated follicles were mixed with Cell Lysis Buffer (Cell Signaling Technology) 
with 1 mM PMSF，a protease inhibitor. After homogenization, they were 
centrifuged at 13,600 rpm for 20 minutes at 4°C. The supematants were collected 
and the 2D Clean-up kit (Amersham Biosciences) was used to remove impurities 
according to the manufacturer's instruction. Then, the samples were resuspended 
in rehydration solution containing 8 M urea, 2% (w/v) CHAPS, 0.002% (w/v) 
bromophenol blue. The protein extracts were centrifuged at 13,600 rpm for 20 
minutes at 4°C to remove any insoluble proteins, and the supematants were collected 
and stored at -80�C. 
For degradation test, the samples were incubated with Cell Lysis Buffer for 
h before centrifugation. No clean up procedure was done for the protein extracts. 
For the protein samples prepared for immunoprecipitation, polysome lysis 
buffer (100 mM KCl, 5 mM MgC12, 10 mM HEPES [pH 7.0], 0.5% Nonidet P-40, 1 
mM DTT, 100 U m l ] RNasin RNase inhibitor) was used as modified from the 
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protocol [187]. Isolated PG follicles were lysed by sonication (Unltrasonic Cleaner 
Branson 5510) on ice for 5 min and centrifuged at 13,600 rpm for 20 minutes at 
4 � C . 
PlusOne ™ 2 D Quant kit (Amersham Biosciences) was used to determinate the 
protein concentration of the extract according to the manufacturer's protocol. 
Absorbance of different concentrations of bovine serum albumin (BSA) measured 
and used to plot a standard curve. The standard curve was plotted using protein 
concentration against absorbance and unknown concentration of protein can be 
found out from the curve. 
3.2.4 SDS polyacrylaminde gel electrophoresis (SDS-PAGE) 
Protein extracts were boiled at 95°C with 2x loading dye (0.125 M Tris/HCl, pH 
6.8, 4% (w/v) SDS, 80 mM DTT, 20% (v/v) glycerol and 0.01% bromophenol blue) 
for 5 min. SDS-PAGE separates proteins according to their MW. Two different 
concentrations of gel were set up, 4% stacking gel and 12% resolving gel. Gel 
solution containing 30% acrylamide, 0.8% bisacrylamide, 4 x resolving gel buffer 
and 10% SDS was prepared with TEMED and 10% APS being added before use. 
Samples were loaded and the gels were resolved in SDS electrophoresis buffer 
containing 25 mM Tris-base, 192 mM glycine, 0.1% (w/v) SDS and run at 80 V for 
30 minutes and 150 V for about an hour. 
3.2.5 Western blot analysis 
Samples were loaded and resolved in 12% SDS-PAGE gel. Biotinylated 
Ladder (Cell Signalling Technology, Danvers, MA) and Rainbow Ladder (Bio-Rad, 
Hercules, CA) were also loaded. Western blot was performed at constant voltage 
(110 V) for 90 min in ice-cold transfer buffer (5 mM Tris, 192 mM Glycine, 20% 
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methanol) and proteins were electro-transferred to nitrocellulose membrane 
(Bio-Rad, Hercules, CA). The membrane was first blocked using 5% non-fat milk 
in TTBS buffer (20 mM Tris, 150 mM NaCl, 0.1% Tween-20) for Ih, followed by 
incubation with primary antibody at 4°C overnight. The antibodies of YB-1 (#2749) 
and beta-actin (Cell signaling, Danvers, MA) were used at a dilution of 1:1000 and 
1:2000, respectively. 
After washing with TTBS, the membrane was incubated with Horseradish 
Peroxidase (HRP) conjugated secondary antibody and biotinylated antibody at a 
dilution of 1:2000. Immuno-detection was performed using a chemiluminescent 
detection system by SuperSignal West Femto Maximum Sensitivity Substrate 
(Perbio, Belgium, Aalst) or ECL Western blotting detection system (Amersham 
Bioscience) followed by image analysis on Lumi-Imager F1 workstation (Roche). 
3.2.6 RNA isolation and reverse transcription 
Total RNA was isolated from ovarian follicles, ovary and other tissues using 
Tri-Reagent (Molecular Research Center, Cincinnati, OH) according to the protocol 
of the manufacturer and our previous report [188]. The amount and purity of the 
RNA were determined by spectrophotometry. Reverse transcription (RT) was 
performed at 42°C for 2 h in a total volume of 10 pi containing 2-3 |ig total RNA, 1 x 
MMLV buffer, 0.5 mM each dNTP, 0.5 i^g oligo-dT and 80 U MMLV reverse 
transcriptase. 
3.2.7 Semi-quantitative RT-PCR quantification of expression 
Semi-quantitative RT-PCR analysis was performed using specific primers 
designed according to the sequences from the GenBank (Table2-1). PGR 
amplification of gene expression, the cycle numbers used were optimized according 
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to our previous report [189]. In brief，PCR was carried out in a volume of 30 |xl 
consisting of 1 x PCR buffer, 0.2 mM each dNTP，2.5 mM MgCh, 0.2 ^M each 
primer, and 0.6 U Taq polymerase for various cycles with the profile of 94°C for 30 
sec, annealing temperature of 60°C for ybl and 56°C for the housekeeping gene efla 
(elongation factor 1 alpha) [190] for 30 sec, and 72°C for 60 sec. 
Table 3-1 Primers used in stage and tissue distribution of gene expression 
Primer Sequence Accession 
Gene Application bp 
No. Sequence No. 
YBBP724: CATACTTCGTGCGGAGGCGTTAC Semi-quantitative 
ybl 355 BC050156 
YBBP725: GCGGCTGATTTGTCGGCTGATG RT-PCR 
EF1A728: GGCTGACTGTGCTGTGCTGATTG Semi-quantitative 
efla 409 BC064291 
EF1A729: CTTGTCGGTGGGACGGCTAGG RT-PCR 
All the primer were synthesized by integrated DNA Technologies, Inc. (Coralville, 
Iowa) 
3.2.8 Data analysis 
The expression level of zebrafish ybl in each sample was first calculated as the 
ratio to that of the internal control efla, and then expressed as fold change versus the 
reference group for statistical analysis. All values were expressed as the mean 士 
SEM, and the data were analyzed by one-way ANOVA followed by unpaired t-test 
using Prism 4.0c for Macintosh OS X (GraphPad Software, San Diego, CA). P < 
0.05 was considered statistically significant. 
3.2.9 Immunohistochemistry 
The ovaries were freshly fixed in Bouin solution followed by series of 
dehydration and infiltration using Enclosed Tissue Processor Leica TP-1050 (Leica 
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Microsystem Ltd.). Samples were embedded and processed for paraffin sectioning 
using microtome (Leica Jung Biocut). Paraffin sections of 5 |j,m were mounted on 
the slides, deparaffinized, rehydrated and washed with PBS buffer (140 mM NaCl, 
2.7 mM KCl, 10 mM Na2HP04, 1.8 mM KH2P04, pH 7.4). An 
antigen-unmasking step was done by boiling slides in 10 mM sodium citrate buffer 
pH 6.0 for 10 min. Endogenous peroxidase was blocked by incubating the slides in 
3% (v/v) H2O2 in methanol for 10 min. VECTASTAIN ABC kit (Vector 
Laboratories, Inc., Burlingame, CA) was used for immunohistochemical staining 
according to manufacturer's instructions. Non-specific antibody binding was 
blocked with blocking serum. The primary antibody for YB-1 (#2749) was used at 
a dilution of 1:50 in blocking buffer and incubated at 4°C overnight. The sections 
were incubated with biotinylated secondary antibody for 30 min and ABC reagent 
was added after washing and incubated for 30 min. Immunostaining was detected 
with DAB substrate Kit (Vector Laboratories, Inc., Burlingame, CA) following the 
manufacturer's instructions and a gray-black stain was developed in the slides. 
Control sections were incubated with blocking buffer without primary antibody and 
following the same procedure described above. Finally, the sections were 
dehydrated and mounted with coverslips and viewed under Stereomicroscope 
SWZ645 (Nikon, Tokyo, Japan). All images were captured with Digit Sight 
DS-FIl (Nikon, Tokyo, Japan). 
3.2.10 Cloning of full-length ybl cDNA from zebrafish ovary and construction of 
recombinant plasmid for expressing ybl 
Based on the sequence of the cloned full-length cDNA for zebrafish ybl, 
gene-specific primers flanking the open reading frame (ORF) were designed. 
BamHI and H i n d i n restriction sites (underlined in Table 3-2) were added at 5' end 
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of the sense and antisense primers respectively. One microgram of total RNA from 
the ovary was reverse transcribed into single-stranded cDNA with SuperScript II 
(Invitrogen Co., Carlsbad, CA) followed by PGR amplification with the 
gene-specific primers using pfu polymerase. Thirty-three cycles were performed 
using a cycle profile of 30 sec at 94°C, 30 sec at 58�C，and 2 min at 72�C, followed 
by a final lO-min extension at 72°C. The PGR product was double-digested with 
BamHI and Hindlll. The PGR fragment of the expected size was isolated from the 
gel and cloned into pET32a(+) plasmid (Novagen) with six His-tag at the N-terminal. 
The cloned PGR fragments were analyzed by sequencing to confirm the identity. 
The sequencing reaction was performed with the BigDye Terminator Cycle 
Sequencing Kit v3.1 and analyzed on the ABI PRISM 3100 Genetic Analyzer 
(Applied Biosystems, Foster City, CA). The expression construct for six 
His-tagged YB-1 recombinant protein was then transformed into E. coli strain BL21 
(DE3) to express the recombinant protein. 
Table 3-2 Primer used in cloning of full-length ybl cDNA. 
Primer Sequence Accession 
Gene Application Bp 
No. Sequence No. 
YBBP798: CGGGATCCATGAGCAGCGAGGCCGAG Recombinant 
ybl 949 BC050156 
YBBP831: CGCCCAAGCTTTTAATCTGCTCCGCCCTG protein 
The restriction enzymes' cutting sites are underlined. 
All the primer were synthesized by integrated DNA Technologies, Inc. (Coralville, 
Iowa) 
3.2.11 Expression and purification of recombinant zebrafish YB-1 protein 
Individual colonies were picked and grown at 37°C in LB broth until the culture 
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medium reached an A660 of 0.5-1.0. Recombinant protein was induced with 
isopropyl-P-D-thiogalactopyranoside (IPTG) at a final concentration of 1 mM and 
incubated for 4 h at 37°C. The cells were harvested and lysed with lysis buffer (50 
mM NaH2P04，300 mM NaCl，10 mM imidazole, pH 8.0) and 1 mg/ml lysozyme on 
ice for 30 min. The lysate was sonicated and centrifuged at 10,000 g for 20 min, 
and the supernatant was applied onto a column of Ni-NTA affinity chromatography 
(OIAexpressionist, Qiagen). After incubation for 1 h at 4°C, the column was 
washed with wash buffer (50 mM NaHzPCU，300 mM NaCl, 20 mM imidazole, pH 
8.0). The recombinant protein was eluted with elution buffer (50 mM NaH2P04, 
300 mM NaCl, 250 mM imidazole, pH 8.0). Western blotting was performed to 
confirm the expression. 
3.2.12 Immunoprecipitation 
Immunoprecipitation was performed as described [187] with some 
modifications. The first experiment aimed to pull down the protein partners. 
Briefly, the lysed follicle extract was first going through a preclearing step by 
incubating twice with Portien A-agarose beads (Invitrogen) at 4°C for 1 h. The 
antibody of YB-1 (#2749) was then added to the cleared extract at a final dilution of 
1:50 and incubated with gentle shaking at 4°C overnight while the incubation 
without antibody acted as control. Afterwards the solution was incubated with 
Protein A-agarose beads with gently shaking at 4°C for 4 h. The beads were then 
centrifuged and washed with polysome lysis buffer (100 mM KCl, 5 mM MgC12, 10 
mM HEPES [pH 7.0], 0.5% Nonidet P-40, 1 mM DTT). 2x loading dye (0.125 M 
Tris/HCl, pH 6.8, 4% (w/v) SDS, 80 mM DTT, 20% (v/v) glycerol and 0.01% 
bromophenol blue) was added to the remaining beads collected and boiled at 95°C 
for 5 min. The samples were ready to perform SDS-PAGE and visualized by 
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Coomassie blue staining as described in Chapter 2. 
The second experiment aimed to pull down the mRNA partners. YB-1 
antibody (#sc-18057X) (Santa Cruz, California, U.S.A.) was first incubated with 
Protein A-agarose and Protein G magnetic beads (Invitrogen) respectively in a ratio 
of 1:10 for 40 min. Antibody and beads were cross-linked by incubating in 20 mM 
dimethyl pimelimidate x 2HC1 (DMP) in 0.2 M triethanolamine, pH 8.2 mixed for 
30 min. The reaction was stopped by 50 mM Tris, pH 7.5 for 15 min. The beads 
were then washed with polysome lysis buffer and incubated with the lysed follicle 
extract at 4�C for 1 h while the control was incubated with polysome lysis buffer 
only. After washing with polysome lysis buffer, the beads complexes were 
incubated with polysome lysis buffer with 0.1% SDS and 30 \ig proteinase K at 5 0 � 
C for 30 min. RNA extraction was performed by adding one volume of 
phenol-chloroform (1:1) to the complexes. Ethanol precipitation was done at -20°C 
overnight. RT was carried out using iScript cDNA Synthesis Kit (Bio-Rad, 
Hercules, CA) according to the manufacturer's instructions to produce 20 |il RT 
products. Nest Primers were designed as shown in Table 3-3 for nested PGR. The 
first semi-quantitative RT-PCR reaction was performed as described previously in a 
volume of 10 pi reaction mixture using 1 RT products as template for one gene in 
each PGR reaction. For the second semi-quantitative RT-PCR reaction, 5 |il of first 
PGR reaction product was used as template. The annealing temperature was 56°C 
for all the reactions. Ovary sample was used as positive control and water was used 
as negative control for the two PGR reactions. 
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Table 3-3 Primers used in immunoprecipitation. 
Primer Sequence Accession 
Gene Application Bp 
No. Sequence No. 
GDF206: GAGTCTGTTGAACCCGACG 1st Semi-quantitative 
GDF207: GCAGGTGGATGTCCTTCTTA RT-PCR 
gdj9 AY833104 
GDF397: AAGGATCAGATGTGCTCCAACC 2nd Semi-quantitative 
GDF398: GGCCTGAATGAGAGGATGAAGG RT-PCR 
EGF832: TGAAGATGTCAATGAATGTTCCCTATGG 1st Semi-quantitative 
397 
EGF833: CAACAGGTCCGCTGGAGGTC RT-PCR 
egf AY332224 
EGF692: ATGGAATCACGGCTGCTCTCTGGGA 2nd Semi-quantitative 
304 
EGF693: GCATTCACAAACCCACCGGCCTGGA RT-PCR 
IGF584: AGGGATGTCTAGCGGTCATTTCTTC 1st Semi-quantitative 
390 
IGF585: TGGTGTCCTGGGAATATCTGTGTG RT-PCR igfl BCl 14262 
IGF566: GCTGTCTCCCGAGTACCCAC 2nd Semi-quantitative 
311 
IGF567: CTGTGTGTCGTTGTGCTCGTAG RT-PCR 
IGF624: CGTGGGATTGTGGAGGAGTGTTG 1st Semi-quantitative 
266 
IGF625: CGCCTGCCGCCTGAACTTC RT-PCR igf2a AF250289 
IGF626: AGGGACGTTTCAGCCACATCG 2nd Semi-quantitative 
129 
IGF627: GCCTCTGAGCAGCCTTTCTTTG RT-PCR 
IGF560: CGCCAGACTACAGAGACCTCAT 1st Semi-quantitative 
446 
IGF561: GCAGTAGTTATGCTCGTAGAGTTCA RT-PCR igfrla AF400275 
IGF834: GCTAAGAGTGAGGTGGTCTACATCC 2nd Semi-quantitative 
171 
IGF835: TTCTGCCTGCTGCTGCCAAC RT-PCR 
IGF562: GCAGTGTTCCTGACAGTGACC 1st Semi-quantitative 
311 
IGF563: ATCCACCGAGTCGATGACCTT RT-PCR 
igfrlb AF400276 
IGF836: CGCCTGCCAGAACTACAATCAC 2nd Semi-quantitative 
219 
IGF837: CACAACATGCTGACAGACACACC RT-PCR 
GHR539: CGAGTGCTACTTCAACAAGACCTTC 1st Semi-quantitative 
324 
GHR540: GACTGCTGTGTGCCGCTTTC RT-PCR 
ghrl BCl34903 
GHR838: CTGAACTGGACTCTGCTGAATGTG 2nd Semi-quantitative 
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GHR839: TCTCCCAGTAGGTGTTGTTCTTGAC RT-PCR 
GHR541: GGCATACATCTATGGTCTGGAAAGC 1st Semi-quantitative 
430 
GHR542: CGATGAGTCAGCGATGAGAAGC RT-PCR 
ghr2 BN000776 
GHR840: CTGTGCTGGTCTTTACTGCTGTTAG 2nd Semi-quantitative 
260 
GHR841: GCTCTCATGTGGTTCGTCAATGTC RT-PCR 
All the primer were synthesized by integrated DNA Technologies, Inc. (Coralville, 
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3.3 Results 
3.3.1 Confirmation of the presence of YB-1 
From the protein expression profiles of PG and PV follicles in Chapter 2，YB-1 
was identified as one of the RNA binding proteins present only in PG stage with the 
highest abundance. PG and PV follicle extracts were used to perform SDS-PAGE 
and the gel was visualized by Coomassie blue stain (Fig. 3-2A). 10 |ig of PG and 
PV follicle protein extracts was loaded and an abundant band of about 50 kDa 
appeared in PG stage when compared to PV stage. The band (indicated by arrow in 
Fig. 3-2A) was excised out and identified to be YB-1 by MS analysis. 
As the antibody for YB-1 was available, Western blotting was carried out. 
Proteins extracted from PG and PV follicles were transferred to nitrocellulose 
membrane for immunodetection. Fig. 3-2B clearly indicated that YB-1 ( � 5 0 kDa) 
was abundantly present in PG follicles only when compared to the house-keeping 
P-actin (45kDa). Therefore, YB-1 can act as biomarker for early transition stage. 
3.3.2 Tissue distribution of YB-1 protein and ybl gene expression in zebrafish 
Expression of ybl gene was determined in different tissues in zebrafish. 
Semi-quantitative analysis of expression levels of yhl in the ovary, testis, brain, 
kidney, muscle, gill and liver was carried out (Fig. 3-3A). It showed that all the 
tissues expressed ybl. Besides, Western blot was also performed to demonstrate 
YB-1 expression at the protein level in the ovary, testis，brain, kidney, gill and liver 
in zebrafish using P-actin as the control (Fig. 3-3B). Surprisingly, YB-1 protein 
can only be detected in the ovary but not other tissues. Although all tissues 
possessed ybl mRNA, only the one in the ovary can be translated to YB-1 protein. 
One interesting finding was the size of YB-1 protein detected in Western blotting 
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images appeared as a protein of � 2 4 kDa; however the size of YB-1 protein detected 
in PG follicles was 50 kDa. 
3.3.3 Stage distribution of YB-1 protein andyhl gene expression in ovarian follicles 
As YB-1 protein was detected only in the ovary, yhl gene expression in the 
ovarian follicles was investigated. Semi-quantitative PGR analysis of ybl 
expression levels in the follicles of different stages was carried out (Fig. 3-4A). All 
the stages of follicles expressed ybl gene. After RT-PCR quantitation of yhl 
expression levels in different stages of follicles with normalization to the 
housekeeping gene, efla, it showed no change among the five stages (Fig. 3-4B). 
In contrast to the uniform expression of ybl gene, the protein expression of YB-1 
was different in the ovarian follicles. Western blot analysis of YB-1 protein was 
performed on the follicles of different stages using P-actin as control (Fig. 3-4C). 
YB-1 protein was present in PG only but absent in other later stages of follicles. 
This indicates that YB-1 protein but not its messenger can act as a marker for the 
early transition stage. 
3.3.4 Localization of YB-1 protein within the ovarian follicle 
Immunohistochemistry was carried out to demonstrate the site where YB-1 is 
localized in the PG follicle. After 20 min detection with DAB reagent on the ovary 
slides, YB-1 protein was stained gray-black in colour when compared to the control 
slide. As shown in Fig. 3-5, YB-1 protein was detected in the oocytes of PG 
follicles (indicated by arrow), but not in PV follicles (indicated by arrow head) or 
other follicles. It was present in the cytoplasm of PG oocytes. 
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3.3.5 Degradation of YB-1 in the ovary 
As the size of YB-1 detected in the whole ovary was smaller than its normal 
size, Western blotting was performed with ovary and PG follicles collected from the 
same fish to see the difference. As shown in Fig. 3-6A, YB-1 was shown as a 50 
kDa protein in PG follicles in both fish. However, in the whole ovary samples 
many smaller bands appeared. When compared to the PG follicles, it implied that 
there was YB-1 protein degradation in the whole ovary samples. It was believed 
that the degradation of YB-1 protein resulted in the size differences shown by 
previous Western blotting in the PG follicles and the ovary. Mixture of PG and PV 
follicles and the remaining ovary were isolated from each fish for Western blotting 
analysis. The degradation pattern in ovary sample was the same as in PG-PV 
mixture (Fig. 3-6B). 
3.3.6 Production of recombinant YB-1 (zf^B-l) 
Full-length cDNA of ybl was amplified and cloned into pET32 (+) vector at 
BamHI and Hindlll restriction sites with six His-tag at the N-tenninal (Fig. 3-7). 
The vector was transformed into the E.coli strain BL21 (DE3) for the production of 
recombinant YB-1 protein after IPTG induction. The six His-tagged recombinant 
YB-1 protein ( � 5 0 kDa) was purified using Ni-NTA affinity column. As shown in 
Fig. 3-8, Western blot analysis with YB-1 antibody revealed the presence of 
recombinant YB-1 protein in the fraction eluted at E2 during purification. 
3.3.7 Identification of YB-l-boundpartners 
Immunoprecipitation was performed to pull down the proteins or mRNA 
messengers bound by YB-1 protein. The first experiment was done by Protein 
A-agarose and YB-1 antibody (#2749) to find out its protein partners. As shown in 
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Fig. 3-9，the proteins pulled down were resolved by SDS-PAGE and stained with 
Coomassie blue. There were two proteins seen in the SDS-PAGE and they were 
identified by MS analysis shown in Fig. 3-9B. They were found to be a protein 
named wu:fil2bl0 which is involved in translation elongation process, and 
cytoplasmic actin. The second experiment was done by Protein-A, Protein-G and 
YB-1 antibody (#sc-18057X) to find out the mRNA partners. After 
immunoprecipitation, reverse transcription and semi-quantitative PCR analysis were 
performed with nested primers on eight genes. The eight genes were growth factors 
and their receptors which had roles in regulating follicles growth and development. 
In Fig. 3-10, the positive control using ovary as template and the two negative 
controls using water showed that the reactions were successful without any 
contaminations. Four genes, gdf9, egf, igf2 and igfrlb, showed a positive result by 
nested PCR, while igfl showed negative result. YB-1 may be involved in 
regulating the expression of GDF-9, EGF, IGF-II and IGFRlb but not IGF-H. For 
the other genes, igfrla, ghrl and ghr2, the PCR showed contradictory results, so no 
conclusion can be drawn. 
3.4 Discussion 
According to the result of Chapter 2，there were so many RNA binding proteins 
in PG follicles and one of them had the greatest difference between PG and PV 
stages. It was YB-1 protein which is a transcription and translation factor. Its 
special effects on mRNA stabilization after binding to 5' capped mRNA and 
translational repression of these mRNAs made it a potential factor in regulating 
PG-to-PV transition. Y-box proteins were identified more than 20 years ago in 
Xenopus as oocyte-specific proteins that had effect of translation repression of stored 
maternal mRNA [131], which was the first time this protein was identified in 
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vertebrates. In other animal systems, they also had similar effects. Therefore in 
this part of the project, we focused on this universal RNA binding protein YB-1 and 
characterized its expression and regulation at recruitment of follicles in zebrafish. 
Zebrafish YB-1 was a protein with 310 amino acids and it consists of 3 domains, 
the N-terminal domain, the highly conserved CSD domain and the C-terminal 
domain. In other animals, their Y-box proteins usually have two forms. Up till 
now, there was only one form of Y-box protein found in zebrafish; however, there is 
a possibility that other forms may be present. All the Y-box proteins had a highly 
conserved CSD domain from bacteria to human. A comparison of their CSD amino 
sequences with other animals in Fig. 3-IB shows that zebrafish YB-1 has very high 
homology to that of human. Therefore, Y-box proteins may also have similar 
functions across vertebrates. 
A SDS-PAGE on the same amount of PG and PV follicle extracts revealed an 
abundant protein band of 50 kDa in PG follicles (indicated by arrow in Fig. 3-2). It 
was further confirmed to be YB-1 by MS analysis. With the availability of YB-1 
antibodies, the MS result was further confirmed by Western blotting. YB-1 could 
only be detected in PG follicles with the same size (SOkDa) but not PV follicles. 
To characterize YB-1 in zebrafish, its tissue distribution of gene and protein 
expression was studied (Fig. 3-3). Among the tissues tested, all the tissues 
expressed ybl gene at mRNA level. However when protein expression level was 
studied using Western blotting, YB-1 protein can only be detected in the ovary when 
compared to P-actin. The tissue distribution of YB-1 provided a great support of its 
potential effect in the ovary. Since it is present in the ovary, the stage distribution 
in ovarian follicles was also studied (Fig. 3-4). All the five stages of follicles were 
studied for ybl gene expression and all of them showed similar expression level and 
no significant changes were noticed. In contrast to the mRNA level, the protein 
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level was totally different. Western blotting analysis showed that only PG follicles 
expressed YB-1 protein. In PV follicles, it completely disappeared and was absent 
in the later follicular stages. From the tissue and stage distribution experiment, ybl 
mRNA was still present in later stages and in other tissues while protein was missing, 
this straight observation would need to be investigated to reveal the regulation on 
YB-1 protein production. As the gene and protein expressions were different and 
proteins were the functional units in the cell, later experiments mainly focused on the 
YB-1 protein itself. Immunohistochemistry was then used to reveal the localization 
of YB-1 inside the follicle (Fig. 3-5). YB-1 was found to be localized in the 
cytoplasm of the oocyte and seemed to be oocyte-specific. There were distinct 
expression patterns of YB-1 between PG and PV follicles, suggesting that YB-1 
might be involved in folliculogenesis, especially the PG-to-PV transition. It also 
implied that YB-1 might have some functions in PG follicles to regulate the growth, 
but the effects were no longer useful once entering PV stage. Since the size of 
YB-1 detected in the whole ovary samples was smaller than the normal size (Fig. 
3-3)，it was possible that there was significant degradation of YB-1 in the ovary so 
the smaller size observed was the truncated form of YB-1. Therefore, an 
experiment was then performed using the whole ovary and PG follicles from the 
same zebrafish (Fig. 3-6A). The result showed that there was one band in PG 
follicles whereas many smaller bands were observed in the whole ovary sample. 
The result was repeatable in different individuals. The smaller bands observed in 
the whole ovary may be due to the cleavage of YB-1 protein in the ovary, suggesting 
that there might be something present in other stages of follicles that degrades the 
YB-1 protein in PG follicles. Therefore, PG-PV follicle mixture and ovary were 
isolated from each fish again. This time they had the same degradation pattern seen 
in the Western blot image (Fig. 3-6B). This implied that YB-1 was cleaved when 
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the content of PG follicles were mixed with that of PV follicles. According to the 
MS analysis of PV proteins described in Chapter 2, some proteasome components 
were identified in PV follicles. Despite lack of evidence at this moment, the 
appearance of proteasomes at PV stage suggests a potential role for them in 
degrading YB-1 in the oocyte, therefore removing it from PG follicles，which allows 
transition from PG to PV stage. 
Full-length sequence oiyhl is available in the zebrafish genome and was cloned 
into the vector pET32 (+) to produce recombinant YB-1 protein in E. coli, which 
would be useful for further study of YB-1 functions (Fig. 3-7). The expression 
construct included six His-tag at the N-teraiinal and two restriction sites BamHI and 
Hindlll. Expression was induced by IPTG for 4 h in E. coli strain BL21 (DE3) and 
purified by Ni-NTA affinity column (Fig. 3-8). The eluted six His-tagged 
recombinant YB-1 protein was about 50 kDa and was detected with YB-1 antibody. 
As a RNA binding protein, YB-1 should bind to mRNA and other protein 
partners to carry out its functions. Knowing the YB-1-bound partners would be 
important and useful for understanding more the regulatory mechanism of YB-1. 
Furthermore, it would be useful to know what maternal mRNAs are bound and 
protected by YB-1 and how it works. To address these questions, 
immunoprecipitation was performed to isolate the YB-l-containg mRNPs followed 
by MS analysis or RT-PCR. Protein A-agarose beads and YB-1 antibody (#2749) 
were used to pull down the protein partners bound by YB-1 and the elutes were 
resolved in SDS-PAGE (Fig. 3-9). Two proteins were found and identified by MS 
to be wu:fil2bl0, which belongs to translation machinery and is involved in 
translation elongation. The other protein was found to be cytoplasmic actin. 
Actin has been reported as a Y-box protein interacting protein [169], and it may play 
an important role in mRNA transport, anchoring, and localization on actin filaments 
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in the cell. In addition, YB-1 may be eluted and resolved together with wu:fil2bl0 
as the same band in the SDS-PAGE since their sizes were similar. 
Another immunoprecipitation experiment was performed using a different YB-1 
antibody (#sc-l 8057X) to pull down mRNAs bound by YB-1. In other animals like 
humans, it has been reported that YB-1-bound transcripts often include growth- and 
stress-related mRNAs [155, 191，192]. Therefore several genes that have roles for 
growth and development of follicles were chosen to design the nested primers. After 
reverse transcription, eight interested genes were tested which were growth factor 
genes and their receptors, and their expression has been demonstrated in the oocyte 
by our laboratory. Nested PGR produced positive signals for two oocyte-specific 
genes, gdf9 and egf. Signals were also detected for igf2 and igfrlb; however, no 
signal for igfl was detected. Their mRNAs were likely bound and regulated by 
YB-1. The PGR results for the other three genes，igfrla, ghrl and ghr2 were not 
constant, and further investigations are needed to confirm the results and more genes 
should be tested. 
Throughout these experiments, we found that zebrafish YB-1 was expressed 
specifically in the ovary and exclusively in PG follicles, located in the cytoplasm. 
It makes YB-1 a good marker for the PG stage and follicle recruitment process. 
Once the PG follicles started to grow and enter PV stage, YB-1 was completely 
removed. One possibility was that the protein was degraded through 
protein-degrading machinery such as proteasomes present in PV follicles. 
Therefore YB-1 was no longer present in later stages of follicles and its effects were 
eliminated. Study of its regulation would be important to understand more on its 
functions in the follicles. Besides, its effects on maternal mRNA stabilization and 
translational repression would probably hold the maternal mRNAs in PG follicles 
until they start to grow. Another thing we wanted to know is the mechanism of 
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YB-1 action. The immunoprecipitation experiment revealed some mRNAs and 
potential protein partners associated with YB-1. Together with the availability of 
zebrafish recombinant YB-1 protein, further investigation can be done to find out the 
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Fig. 3-1 Structure of zebrafish YB-1 . (A) Schematic representation of YB-1 
with three domains: AP-rich N-terminal, highly conserved cold shock domain (CSD) 
and C-terminal domain contain acidic/basic ( + + - ) amino acids. (B) Comparison of 
most conserved CSD region of zebrafish YB-1 protein with homologs from goldfish, 
Xenopus, mouse and human. Common amino acids sequences were shaded. 
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Fig. 3-2 Confirmation of the presence of YB-1 in PG follicles. PG and PV 
follicles were isolated from zebrafish ovaries and their proteins extracted. (A) 
SDS-PAGE showing differences of PG and PV follicles. Arrow indicates the band 
confirmed to be YB-1 protein by MS analysis. (B) Western blot showed the 
presence of YB-1 protein only in PG follicles using |3-actin as control. 
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Fig. 3-3 Tissue distribution of YB-1 protein and ybl gene expression. (A) 
Semi-quantitative analysis of mRNA expression levels of ybl in the ovary, testis, 
brain, kidney, muscle, gill and liver in zebrafish. (B) Western analysis of YB-1 
protein expression in the ovary, testis, brain, kidney, gill and liver in zebrafish using 
(3-actin as control. 
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Fig. 3-4 Stage distribution of YB-1 protein and ybl gene expression in the 
ovarian follicles. (A) Semi-quantitative PCR analysis of ybl expression levels in 
the follicles of different stages. PG, primary growth (Stage I); PV, pre-vitellogenic 
stage (Stage II); EV, early-vitellogenic stage (early Stage III); MV, mid-vitellogenic 
stage (mid-Stage III); FG, full-grown (late Stage III). (B) RT-PCR quantitation of 
ybl expression levels in the follicles of different stages with normalization to the 
housekeeping gene, efla. The values are the mean 士 SEM (n = 3) from a 
representative experiment. (C) Western blot analysis of YB-1 protein expression in 
the follicles of different stages using P-actin as control. 
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Fig. 3-5 Localization of YB-1 within the ovarian follicle. Detection of YB-1 
by immunohistochistry in zebrafish ovary for 20 min. (A) Control without 
antibody; (B) with YB-1 antibody. Arrow, PG follicles; arrow head, PV follicles. 
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Fig. 3-6 Degradation of YB-1 in the ovary. (A) PG follicles isolated from one 
of the ovaries and the remaining ovary were extracted from each fish. (B) Mixture 
of PG and PV follicles isolated from one of the ovaries and the remaining ovary 
were extracted from each fish. 
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Fig. 3-7 Expression construct of recombinant YB-1 protein. The open reading 
frame (ORF) of zebrafish ybl was cloned into pET32 (+) vector at BamHI and 
Hindlll restriction sites with six His-tag at the N-terminal. 
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Fig. 3-8 Purification of recombinant YB-1 protein. Purification of six 
His-tagged recombinant YB-1 protein (-50 kDa) expressed in E. coli strain BL21 
(DE3) using Ni-NTA affinity column. Western Blot analysis with an antibody 
against YB-1 protein showed the presence of recombinant YB-1 protein after IPTG 
induction for 4 h and eluted after purification. M: marker; C: un-transformed cells; U: 
un-induced cells; I: induced cells; F: flow-through; W1 & W2: washing; E1-E3: 
elutes. Recombinant YB-1 protein (�50 kDa) was eluted in E2. 
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Fig. 3-9 Isolation of YB-l-bound complexes. Immunoprecipitation was done 
using YB-1 antibody to pull down the proteins bound. Incubation without YB-1 
antibody was used as a control. (A) The eluted proteins were resolved by 
SDS-PAGE and detected by Commassie blue staining. Lane 1 and 5，pre-clearing 1; 
lane 2 and 6，preclearing 2; lane 3 and 7，lysed follicle extract; lane 4, eluted with 
YB-1 antibody, lane 8, control elution; lane 9, protein ladder. (B) The eluted 
proteins in lane 4 were identified by MS. A: wu:fil2bl0, which is involved in 
translation elongation process; B: cytoplasmic actin. 
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Fig. 3-10 Identification of YB-l-bound transcripts. Protein A-agarose and 
Protein G beads were used to pull down the transcripts. Eight genes were tested 
using nested primers to run nested PGR. IP (+): pulled down transcripts; IP (-): 
control; H2O (-): control for first PGR; H2O (-)2: control for second PGR; Ovary (+): 
positive control. 
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Chapter 4 General Discussion 
Study of folliculogenesis means the study of growth and development of 
ovarian follicles. In fish, the ovarian follicles are composed of a large oocyte and 
two layers of somatic folliclar cells. There are two main events during the growth 
of ovarian follicles, the recruitment and the final maturation of follicles. There 
were many studies on what factors trigger the oocyte maturation, whereas fewer 
researches have been done on the initial follicle recruitment. Zebrafish, Danio 
rerio, is one of the excellent and commonly used models to study the two processes 
as it has asynchronous ovary and its genomic and bioinformatics information is 
available. Therefore in this project, zebrafish was chosen for the study of 
folliculogenesis by a powerful analytical method, the proteomic technology. 
Proteomic study promises to provide a comprehensive overview of gene activities at 
the protein level. This study aims to analyze the above two critical transitional 
points during folliculogenesis using proteomic approach and to identify differentially 
expressed proteins during these two processes. Therefore, it would provide 
important clues to the mechanisms controlling early folliculogenesis, especially the 
transition from PG to PV stage, or follicle recuritment. 
Proteomics is a fast and efficient approach to find out the differentially 
expressed proteins. A previous study in our laboratory on the five follicle stages 
using SDS-PAGE showed significant differences between PG and PV, and MV and 
FG. This suggests that changes at protein level may trigger the development of 
oocytes from PG to PV and from MV to fiilly mature follicles. Comparison of the 
protein profiles of PG and PV follicles revealed many observable all-or-none 
differences in either one of the stages. More than 40 differentially expressed 
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protein spots were identified by mass spectrometry between these two stages. 
Surprisingly, many RNA binding proteins were found in PG follicles while none was 
detected in PV follicles. These RNA binding proteins are therefore believed to have 
important roles in controlling mRNA activity and altering protein expression in PG 
stage. However in the PV follicles, the identified proteins were not involved in 
growth and development function. The most interesting proteins found in PV stage 
were proteasome components, which have proteolytic activity to break down 
proteins and therefore are involved in protein turnover. They may have important 
roles in controlling the protein degradation in PV stage as many proteins present in 
PG stage disappeared in PV stage. Protein profiles of MV，FG and GVBD follicles 
were also established; however, there was an ultimate problem that needs to be 
solved in future studies, i.e., the presence of large amount of yolk proteins derived 
from vitellogenin. When the follicles grow to EV stage, Yolk proteins start to 
accumulate in the oocyte to be used as the nutrients for embryonic development. 
The dominance of vitellogenin-derived yolk proteins in the samples seriously 
hindered the identification of differentially expressed proteins because they were 
scattered across the 2D gels and masked all other proteins. The situation was much 
worse in FG and GVBD follicles, when the accumulation of yolk proteins reaches 
the peak level. Due to the large amount of vitellogenin proteins in these two stages 
of follicles, no other proteins could be identified even with increased amount of 
sample loading and sensitivity of detection method. Therefore in this study, we 
mainly focused on the PG-to-PV transition and the RNA binding proteins identified 
in the PG stage. 
For all the RNA binding proteins identified, a 50 kDa protein of huge 
abundance was found in PG follicles but not in PV follicles. It was identified by 
MS analysis as Y-box binding protein 1，YB-1. It contains a highly conserved CSD 
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domain which is evolutionarily conserved from bacteria to humans. Hence, there 
are homologues in many other animals which share the same CSD domain, e.g., 
FRGYl and FRGY2 m Xenopus, MSYl and MSY2 in mouse, GFYPl and GFYP2 
in goldfish and YBl in human. Y-box proteins have many members, which are 
known to be transcription factors that bind to CCAAT-containing promoter's Y-box 
sequence to regulate transcription and translation of genes [128]. They are also 
translation factors that bind capped mRNA and regulate translation and stabilization 
of mRNA [129]. Since YB-1 is a universal RNA binding protein and also a 
germ-cell specific protein, many researches have been carried out in other species 
about its effect on translational repression. In the zebrafish ovary, this dominant 
protein was completely removed after follicles entered PV stage, implying that it 
may play critical roles in the PG-to-PV transition and would be a potential regulatory 
protein involved in the recruitment of PG follicles in folliculogenesis. It would be 
very interesting to further study the function of YB-1 in the follicle development in 
zebrafish. 
Based on the literature information on YB-1 functions, we hypothesize that 
YB-1 in the zebrafish ovary may act as a translation repressor and mRNA stabilizer 
to block translation of maternal mRNAs before initial recruitment. There are three 
follow-up questions we want to address. What are the factors that initiate the 
growth of PG follicle? How is YB-1 removed from PG follicle to release the bound 
mRNAs for translation? What are the proteins synthesized after the masked 
mRNAs are released? To address these questions, I performed some preliminary 
work to characterize YB-1 in the zebrafish ovary. Using a specific YB-1 antibody, 
the exclusive presence of YB-1 in PG stage was further confirmed by Western 
analysis. Interestingly, when studying the expression of ybl gene using 
semi-quantitative PGR analysis for tissue and stage distribution, all the tissues 
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examined and stages of follicles collected expressed ybl gene at more or less the 
same level. However, when studying the protein level using Western blotting, 
YB-1 could only be detected in the ovary and PG follicles. It totally disappeared in 
PV follicles and was absent in other later follicular stages. Immunohistochemistry 
also showed that YB-1 protein was present abundantly in the cytoplasm of PG 
follicles. Thus, YB-1 was exclusively expressed in ovary and was an 
oocyte-specific protein that appeared only in PG follicles. This implies that YB-1 
may be involved in folliculogenesis, especially the PG-to-PV transition, regulating 
growth of PG follicles but it must be removed for the follicles to enter PV stage. 
Since there was a size discrepancy of YB-1 detected by Western blotting in the 
whole ovary and PG follicle samples, we believed that there was degradation of 
YB-1 in the ovary when follicles of different stages were extracted together. 
According to the degradation test of YB-1, multiple smaller bands showed up in the 
whole ovary samples when compared to PG follicle. The same degradation pattern 
was also seen in mixtures of PG and PV follicles, suggesting that the 
protein-degrading activity starts to appear or becomes intensified at PV stage. 
Together with the proteasomes identified in PV follicles from MS result, we 
hypothesize that YB-1 was degraded when follicles entered PV stage, probably 
cleaved by the proteasomes. Once the YB-1 was removed, its 
translation-suppressing effect in PG follicle was also removed, which released the 
maternal mRNAs for production of functional proteins. These proteins may be 
some regulatory factors and receptors, that are important for the growth and 
development of follicles. Hence, the PG follicles were recruited to enter the fast 
growth phase. To further investigate if the degradation of YB-1 was really due to 
proteasome, proteasome inhibitor could be tested to remove the effect of proteasome. 
If the addition of proteasome inhibitor to the PG-PV follicle extract can prevent the 
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cleavage of YB-1, the size of YB-1 detected by Western blotting would be only one 
band at 50 kDa. Nevertheless, what are the external stimuli that cause the removal 
of YB-1 protein in PG follicles and trigger its growth are still unknown and further 
investigations are needed. It is another interesting and important question to 
address in order to understand the recruitment process. 
In addition, we would like to know how the translation is regulated by YB-1 
and what maternal mRNAs are inhibited to translate. Immunoprecipitation showed 
that there were two proteins that might be associated with YB-1 to form a complex. 
One of them belongs to translation machinery and involved in translation elongation. 
It has a similar sequence to elongation factor 1 alpha. The other protein was 
cytoplasmic actin. YB-1 was thought to be involved in mRNA transport, anchoring, 
and localization on actin filaments in the cell. For the mRNAs bound by YB-1, 
several growth factor genes were tested. They were thought to play important roles 
in the development of primary follicles in the ovary. The results showed that two 
oocyte-specific growth factors genes, gdf9 and egf, were likely bound by YB-1. 
These genes are known to be involved in the proliferation and differentiation of a 
variety of cell types which may be important in early oocyte growth [111, 193]. 
igf2 and igfrlh but not igfl also showed positive result. Although no conclusion 
can be made on three other genes tested, igfrla, ghrl and ghr2, the data available do 
suggest that some of the mRNAs bound by YB-1 are growth factor genes, and the 
binding seems to have certain level of selectivity. The binding by YB-1 may block 
their translation and inhibit their functions in PG follicle. 
In order to further study YB-1 functions in the zebrafish, recombinant YB-1 
protein of zebrafish was produced using E. coli. Six His-tagged recombinant YB-1 
protein was cloned and produced based on the full-length sequence of ybl in the 
zebrafish genome. This recombinant YB-1 protein would be useful to study its 
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translational repression and mRNA stability effects. With the availability of 
zebrafish recombinant YB-1 protein, in vitro translation assay could be carried out in 
the future to test for the mRNA stability and translation repression of the mRNA 
transcripts bound by YB-1. Therefore, further investigation could help to find out 
the detail functions of YB-1 in zebrafish follicles and the regulation of recruitment 
during folliculogenesis. 
In conclusion, protein profiles of different follicles were established. There 
were many RNA binding proteins in PG follicles and proteasome components were 
found in PV follicles through the proteomic approach. YB-1 was the most 
abundant protein present in PG follicle only, which may repress translation and 
stabilize mRNAs. Interestingly, its gene expression level and protein expression 
level were different. It is ovary-specific, oocyte-specific and localized abundantly 
in the cytoplasm of oocyte. Interestingly, it was degraded once the follicle started 
to grow and enter PV stage. There is a possibility that the degradation may be 
mediated by proteasomes present in PV follicle. YB-1 may bind to elongation 
factors and actin to carry out its functions in translational elongation and mRNA 
transportation. Besides, the protein may bind to mRNAs, such as gdf9, egf, igfl 
and igfrlb, and form a protein-mRNA complex. Recombinant zebrafish YB-1 
protein was produced and available for further characterization of its functions. 
Indeed, the external stimuli that cause the removal of YB-1 also need to be further 
verified in the future (Fig. 4-1). 
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Fig. 4-1 Hypothetical model for the role of YB-1 in follicle development. 
YB-1 was found in PG follicles which bound to capped mRNAs to repress 
translation and stabilize the mRNAs. Removal of YB-1 by degradation or other 
external stimuli would be essential for the development of PG to PV follicles by 
releasing the mRNAs to produce some regulatory factors and receptors which would 
further regulate the follicle development. 
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